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REMARKS 

Claims 1, 2, and 22-45 are currently pending. Claims 3-21 are canceled. Claims 23-29, 
31, 33-39, 41 and 44-45 have been amended herein. Specific support for amendments to claims 
24-29 and 34-39 can be found, for example, in Figures 21, 48 and 49. All the amended claims 
are fully supported by the instant specification and no new matter has been introduced. 

Objections 

The Examiner has objected to claims 24-29 and 34-39 under 37 CFR 1.821(d), asserting 
that a SEQ ID NO is required. These claims have been amended to reference the corresponding 
SEQ ID NO. 

The disclosure is objected to by the Examiner for allegedly failing to comply with the 
requirements of 37 CFR 1.821(d), asserting that SEQ ID NOs are required for Figures 23-40. 
Replacement Figures 23-40 are provided herein with SEQ ED NOs inserted. 

Re jections under 35 U.S.C. §112, first paragraph 

Claims 1, 2, 22, 24-32, 34-43 and 45 are rejected by the Examiner under 35 U.S.C. §112, 
first paragraph, because the specification allegedly does not enable any human monoclonal 
antibody or binding portion thereof that binds to any Platelet Derived Growth Factor for any 
purpose. The Examiner states that the specification discloses only a human monoclonal antibody 
or antigen binding portion thereof that binds to human Platelet Derived Growth Factor D 
comprising a heavy chain amino acid sequence comprising SEQ ID NO:48 and a light chain 
amino acid sequence comprising SEQ ID NO:49. The Examiner states the factors to be 
considered in determining whether undue experimentation is required to practice the claimed 
invention are summarized In re Wands (858 F2d 731, 737, 8 USPQ2d 1400, 1404 (Fed Cir. 
1988)) and include 1) the scope of the claim, 2) the amount of direction or guidance provided, 3) 
the lack of sufficient working examples, 4) the unpredictability in the art and 5) the amount of 
experimentation required to enable one of skill in the art to practice the claimed invention. The 
Examiner contends that the specification disclosure is insufficient to enable one skilled in the art 
to practice the invention as broadly claimed without an undue amount of experimentation. 
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Applicants strongly disagree with the Examiner's position. 

Scope of the claims is enabled 

The scope of the currently pending claims is a human monoclonal antibody that binds to 
Platelet Derived Growth Factor D (PDGFD), further encoded by or derived from specific VH 
(Vh1-8) and JH (Vh6B) genes. The claims do not , as the Examiner contends, pertain to human 
antibodies binding any PDGF, but pertain specifically to PDGFD . Contrary to the Examiner's 
contention that there is insufficient guidance about "other PDFGD", the present specification 
quite clearly defines PDFGD. The Examiner's attention is invited to the specification at page 14 
line 25 to page 15 line 2: 

A novel PDGF, PDGF-D, has recently been cloned and characterized. See LaRochelle et 
al. Nature Cell Biology 3:517 (2001), GenBank Accession No. AF335584, International 
Patent Application No. WO 01/25433, USSN 60/158,083, filed October 7, 1999; USSN 
60/159,231, filed October 13, 1999; USSN 60/174,485 filed January 4, 2000; USSN 
60/186,707 filed March 3, 2000; USSN 60/188,250, filed March 10, 2000; USSN 
60/223,879, filed August 8, 2000; USSN 60/234,082, filed on September 20, 2000; 
USSN 09/685,330, filed on October 5, 2000; PCT Application US00/27671, filed 
October 6, 2000; USSN 09/688,312, filed October 13, 2000 and USSN 09/715,332, filed 
November 16, 2000. 

The Examiner's attention is further directed to Figures 1 and 2 as referenced in the 
specification at page 15, lines 11-12 which provide the nucleic acid and amino acid sequence of 
PDGFD. PDGFD is specifically disclosed and described. The specificity of the antibodies of the 
invention to PDGFD , not any PDGF is clear, defined and enabled. 

The Examiner relies upon Ngo et al, seemingly to support the Examiner's argument that 
the immunogen, and therefore the specificity of the antibodies of the invention are not defined, 
therefore contending antibodies to PDGFD are not enabled. The Examiner states that: 

"Ngo et al, teach that the amino acid positions within the polypeptide/protein that can 
tolerate change such as conservative substitution or no substitution, addition or deletion 
which are critical to maintain the protein's structure/function will require guidance. 

However, Applicants respectfully point out that Ngo et al is concerned specifically with the 

ability, or lack thereof to computationally predict the tertiary structure of a protein based upon an 

amino acid sequence. For the current invention, computational prediction is not necessary nor is 

it relevant. Ngo et al states: 
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"A protein molecule is a covalent chain of amino acid residues. Although it is 
topologically linear, in physiological conditions it folds into a unique (though flexible) 
three-demensional structure.. .referred to as the native structure." 

Furthermore Ngo et al states: 

"It is not known whether there exists an efficient algorithm for predicting the structure of 
a given protein from its amino acid sequence alone. Decades of research have failed to 
produce such an algorithm, yet Nature seems to solve the problem. Proteins do fold!" 

Given a nucleotide or amino acid sequence, it is well known in the art how to make a 
protein in a biological system. For example, the specification teaches expressing PDGFD in 
HEK293 cells to obtain protein for immunization (see Example 1, page 48). The immunogen is 
defined, and more pertanently the antibodies of the invention are enabled and Ngo offers nothing 
to refute this. 

The Examiner further relies upon Kuby et al, who the Examiner contends teach: 

"antibody epitopes (B cell epitopes) are not linear and are comprised of complex three- 
dimensional array of scattered residues which will fold into specific conformation that 
contribute to binding. Immunization with a peptide fragment derived from a full-length 
polypeptide may result in antibody specificity that differs from the antibody specificity 
directed against the native full-length polypeptide." 

The Examiner concludes that: 

"Without the specific amino acid residues, it is unpredictable which undisclosed 
immunogen would generate human monoclonal antibody that binds to all PDGFD." 

While the Examiner may have characterized the teachings of Kuby et al, Applicants 
respectfully submit that these teachings are not relevant to the current invention. The invention 
does not pertain to B cell epitopes. Furthermore, the claims are not directed to methods of 
generating antibodies to PDGFD. Claims are directed to human antibodies that bind to PDGFD. 
Additionally, the antigen used to generate the human antibodies of the present invention is 
disclosed in the specification (see Example 1, page 48). Specifically the gene product of 
HEK293 cells transfected with PDGFD produces an active fragment "p35" which was used as 
the immunogen. PDGFD p35 is known in the art (see See LaRochelle et al. Nature Cell Biology 
3:517 (2001) which is referenced in the specification at page 14, lines 25-26, copy attached as 
Attachment A). Breifly, the reference describes cloning of PDGFD cDNA into a mammalian 
expression vector and subsequent transfection into HEK293 cells. When PDGFD is purified 
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from serum-containing conditioned medium, a principal species, p35, is obtained. Sequence 
analysis of the amino terminus of p35 shows it is the product of proteolytic cleavage after R247 
or R249. PDGFD is secreted as a dimer and is proteolytically processed in the presence of sera 
to p35. Hence Applicants are not relying on a "peptide fragment" in the way that Kuby refers to 
"fragments" but rather to a biologically produced end product as purified from conditioned 
culture media after protein synthesis and secretion. The antibodies of the invention are enabled 
and Kuby offers nothing to even suggest otherwise. 

The Examiner further contends that the claims encompass any number or combination of 
heavy and light chains, heavy chain CDRs and light chain CDRs and that there is insufficient 
guidance as to which combinations in an antibody would maintain the same binding specificity. 
The Examiner states that the function of an antibody is dependent on its three dimensional 
structure and that amino acid sequence changes may adversely affect antibody activity. Even 
fragments of an antibody may not retain binding activity according to the Examiner. Additional 
concerns regarding what residues comprise CDRs, critical framework residues that affect 
antibody binding are raised by the Examiner as lacking guidance in the present specification. 
The Examiner also relies upon Janeway et al., to support the Examiner's position that there is 
insufficient guidance provided in the specification. 

Applicants strongly disagree. The Examiner states that Janeway et al teach the 
association of different heavy and light chain variable regions from the binding site. Applicants 
respectfully submit that there is no teaching in Janeway (pages 3:1 to 3:4 provided by the 
Examiner) that remotely supports the Examiner's contention. 

Applicants strongly disagree that there is insufficient guidance provided as preferred 
germline sequences as well as 19 specific combinations specifically binding PDGFD are 
provided in the specification (see for example Figures 48 and 49). Also CDRs and framework 
sequences are also described in the specification (see for example Figures 48-57). Furthermore, 
it is well known in the art how to create, for example libraries of various combinations of heavy 
and light chains and/or specific CDRs and then how to screen such libraries for those 
combinations that bind to an antigen. For example, over a decade ago, Marks et al described 
taking a sequence encoding a CDR and introducing it into a repertoire of variable domains 
lacking the respective CDR (e.g., CDR3), using recombinant DNA technology, displaying the 
repertoire in a suitable host system such as the phage display system and selecting for antigen- 
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binding members of the repertoire (Bio/Technology (1992) 10: 779-783, provided as Attachment 
B). Analogous shuffling or combinatorial techniques are also well known in the art and may be 
used (e.g. Stemmer, Nature (1994) 370: 389-391, provided as Attachment C). 

The Examiner's rejection of the claims based upon some of the combinations not 
maintaining PDGFD binding specificity is incorrect as a matter of law. The Examiner 
acknowledges that the specification would enable the skilled artisan to practice some of the 
disclosed embodiments of the claimed invention, but that others would not be enabled. A claim 
may, however, encompass inoperative embodiments and still meet the enablement requirement 
of 35 USC 1 12, first paragraph (see Atlas Powder Co. v. E.I. Du Pont De Nemours & Co., 750 F. 
2d 1569, 1576, 224 USPQ 409, 413 (Fed Cir. 1984), In re Angstadt , 537 F.2d 498, 504, 190 
USPQ 213, 218 (CCPA 1976), In re Cook , 439 F.2d 730, 732, 169 USPQ 298, 300 (CCPA 
1971). 

Applicants also disagree with the Examiner's rejection of claims 24-29 and 34-39 for the 
use of the term "comprising". These claims each pertain to a specific CDR that is comprised by 
the human antibody. The antibody, in most cases will also have other CDR regions, framework 
regions as well as optionally constant domains. Therefore the open-ended language correctly 
reflects the invention, "the antibody comprises a heavy or light chain CDR region. . .". 

Applicants respectfully submit that the scope of the claims is enabled by the present 
specification. 

Direction and guidance are adequately provided 

The Examiner contends that the specification provides insufficient guidance as to 
which particular VH1-8 family gene, JH6B family gene, and D5-18 family gene encode the 
antibody of claims 22, 30, 32 and 42. Applicants disagree, these terms and specifically these 
genes are well known in the art, see generally Kabat Sequences of Proteins of Immunological 
Interest, National Institutes of Health, Bethesda, Md. 1987 and 1991. Also, please see the 
specification at page 62 line 30 to page 63 line 3 where the protein sequence of VH1-8 is 
provided. Furthermore see Figure 50 which shows 7 exemplary VH1-8 derived sequences. The 
J region JH6B was described in Rabbitts, T. H. (1983) (Biochem. Soc. Trans., 11, 119-126., 
provided as Attachment D). The D region D5-18 was described by Corbett et al (1997) (/. Mol 
Biol, 270 t 587-597, provided as Attachment E). 
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The MPEP states: 

"not everything necessary to practice the invention need be disclosed. In fact, what is 
well-known is best omitted. In re Buchner, 929 F.2d 660, 661, 18 USPQ2d 1331, 1332 
(Fed.Cir. 1991)." MPEP 2164.08 

The Examiner states that the specification provides insufficient guidance as to the introns 
as well as exons encoding an antibody of the invention. Applicant disagrees as introns do not 
code for proteins, and the claims specifically pertain to a protein (antibody) encoded by a human 
VH1-8, JH6B and D5-18 family gene. Therefore details of genomic introns are irrelevant to 
enablement of the invention. 

Applicants respectfully submit that adequate direction and guidance supporting the 
invention is provided. Furthermore an antibody encompassed by claims 22, 30, 32 and 42 is, in 
fact, enabled in the present specification. 

Sufficient working examples are provided 

The current invention provides the nucleotide and amino acid sequence of such affinity 
matured V domain FR and CDR regions that bind PDGFD. The application discloses no less 
than 19 human monoclonal antibodies that bind to PDGFD. These antibodies include 7 human 
monoclonal antibodies that bind to PDGFD encoded by or derived from human VH1-8; 13 
human monoclonal antibodies that bind to PDGFD encoded by or derived from human JH6B; 
and 3 human monoclonal antibodies that bind to PDGFD encoded by or derived from human D5- 
18. 

Given the present teaching, the unpredictability of the art is low and undue experimentation 
by one skilled in the art is not required to practice the claimed invention. 

Given the teachings of the specification, Applicants respectfully submit that one of skill 
in the art would recognize that the present invention identifies the specific germline human 
antibody heavy chain V, D, J combinations and light chain V, J combinations that provide for 
binding to PDGFD. Furthermore, the current invention teaches 19 examples of affinity matured 
antibodies that bind PDGFD. The level of skill in the art of antibody engineering is quite high. 
Provided with the applicant's teachings, particularly specific V, D, J genes, affinity matured 
sequences, nucleic acids encoding them and amino acid sequences, one of skill in the art would 
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know how to make the antibodies of the invention as well as generate various combinations, for 
example various combinations of the identified V, D, and J regions or CDRs, utilizing the 
sequences of the invention using no more than routine experimentation and techniques well 
known in the art, including recombinant and synthetic methods (Maniatis (1990) Molecular 
Cloning, A Laboratory Manual, 2.sup.nd ed., Cold Spring Harbor Laboratory, Cold Spring 
Harbor, N.Y., and Bodansky et al (1995) The Practice of Peptide Synthesis, 2.sup.nd ed.. Spring 
Verlag, Berlin, Germany), Shuffling or combinatorial techniques are well known in the art and 
may be used (e.g. Stemmer, Nature (1994) 370: 389-391). Furthermore, as is understood by 
those of skill in the art, novel H variable or L variable regions may be generated derived from the 
sequences taught in the specification using random mutagenesis of one or more selected H 
variable and/or L variable genes, such as error-prone PCR (Gram et al Proc. Nat. Acad. Sci. 
U.S.A. (1992) 89: 3576-3580, provided as Attachment F). Another method that may be used is to 
direct mutagenesis to CDRs of H variable or L variable genes (Barbas et al. Proc. Nat. Acad. 
Sci. U.S.A. (1994) 91: 3809-3813 provided as Attachment G; Schier et al. J. Mol. Biol. (1996) 
263: 551-567, provided as attachment H). Similarly, one or more, or all three CDRs may be 
grafted into a repertoire of H variable or L variable domains, which are then screened for an 
antigen-binding fragment specific for PDGFD. 

Applicants submit that the present invention is clearly enabled, the scope of the claims in 
keeping with the scope of the discovery and disclosure, sufficient guidance and numerous 
working examples are provided that are commensurate with the level of skill in the art such that 
one of skill would be able to practice the invention as claimed. The rejection of claims 1-2, 22, 
24-32, 34-43 and 45 under 35 U.S.C. §112 first paragraph should be withdrawn. 

Rejections under 35 U.S.C. §112, first paragraph 

The Examiner has rejected claims 1-2, 22, 24-32, 34-43 and 45 under 35 U.S.C. §112, 
first paragraph as containing subject matter which was not described in the specification in such 
a way as to reasonably convey to one skilled in the relevant art that the inventor, at the time the 
application was filed, had possession of the claimed invention. The Examiner contends that "the 
specification does not reasonably provide a written description of any human monoclonal 
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antibody that binds to any Platelet Derived Growth Factor such ...as set forth in claims 1-2, 22, 
24-32, 34-30 (sic), 32-40" (emphasis added). 

Applicants strongly disagree. The claims pertain to a human monoclonal antibody that 
binds to Platelet Derived Growth Factor D^ not "any" Platelet Derived Growth Factor. The 
claims further pertain to certain human monoclonal antibodies comprising a specific heavy chain 
amino acid sequence (claim 1); a specific light chain amino acid sequence (claim 2); are encoded 
by or derived from specific germline sequences VH1-8 and JH6B (claims 22, 32); and have 
specific heavy and light chain amino acid sequences (claims 23, 33); have specific heavy chain 
CDR1 (claims 24, 34), CDR2 (claims 25, 35), CDR3 (claims 26, 36) or light chain CDR1 
(claims 27, 37), CDR2 (claims 28, 38), CDR3 (claims 29, 39) or further comprise D region D5- 
18 (claims 30, 40). The specification absolutely provides specific written description of human 
monoclonal antibodies that bind to PDGFD. Nineteen specific examples are provided. Also 
provided is the analysis of the germline sequences utilized in the in vivo development of those 
antibodies which clearly defines the preferred germline sequences to use for obtaining antibodies 
that bind to PDGFD and such are clearly provided in the specification and pending claims. The 
specification absolutely provides specific written description of human monoclonal antibodies of 
the sequences defined in the pending claims. Therefore the rejection of claims 1-2, 22, 24-32, 
34-43 and 45 under 35 U.S.C. §112, first paragraph should be withdrawn. Such action is 
respectfully requested. 

Rejections under 35 U.S.C. §112, second paragraph 

The Examiner has rejected claims 23-29, 31-39, 41, 44 and 45 under 35 U.S.C. §112, 
second paragraph as being indefinite. Specifically, the Examiner has rejected claims 23-29, 31- 
39 and 44 as indefinite for the use of the term "having". Claims have been amended to recite 
"comprising". Claims 31,41 and 45 are rejected for lacking antecedent basis for "detectable 
marker". These claims have been amended to recite that said monoclonal antibody further 
comprises a detectable marker. Applicant respectfully requests that the rejection of Claims 23- 
29, 31-39, 41, 44 and 45 therefore be withdrawn. 

Rejections under 35 U.S.C. §103(a) 
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Claims 22, 30-32, 40-43 and 45 are rejected by the Examiner under 35 U.S.C. § 103(a) as 
being unpatentable over US Patent 6, 706, 687 in view of Green et al. The Examiner asserts that 
the '687 patent teaches monoclonal antibody and antigen binding portion thereof that binds to 
platelet derived growth factor D (PDGFD) and further teaches the antibody labeled with a 
detectable marker and use of the antibody as an inhibitor or agonist of PDGFD or for diagnostic 
assays. As stated by the Examiner the claimed invention differs from the '687 patent in that the 
claimed invention is a human monoclonal antibody and furthermore, that it is encoded by 
specific human V, J and D genes . The '687 does not provide any teaching of what genes or 
sequences will provide an antibody with specificity to PDGFD. 

The Examiner states that Green et al teach 

"a method of making human antibody that binds to any antigen of interest wherein the 
reference antibody is encoded by or derived from a one (sic) of the human VH1-8 family 
agene (sic) such as VH6 and a JH6B family of (sic) gene such as J6 family gene. The 
reference antibody further comprises a sequence encoded by a human D family of gene 
such as TGGTTATTAC." 

Applicants respectfully disagree with the Examiner's characterization of Green's 
teaching. It is generally known that antibodies are produced in nature; in vivo by B lymphocytes 
and that each clone of B cells produces an antibody with an antigen receptor having a unique 
prospective antigen binding structure. The repertoire of antigen receptors, approximately 10 7 
possibilities, exists in vivo prior to antigen stimulation. This diversity is produced by somatic 
recombination-the joining of different antibody gene segments. The selection of specific V, C 
and J regions (and D for the heavy chain) from amongst the various gene segments available (45 
heavy chain V; 35 kappa V; 23 heavy chain D; 6 heavy chain J; 5 kappa J) generates 
approximately 10 11 possible specificities from germline sequences. Upon exposure to antigen, 
particular B cells with antigen binding specificity based on germline sequences are activated, 
proliferate, and differentiate to produce antibodies of different isotypes as well as undergo 
somatic mutation and/or affinity maturation to produce antibodies of higher affinity for the 
antigen. 

Green et al teaches a mouse deficient in mouse antibody production, but capable of 
producing human antibodies based upon human heavy and kappa light chain genes that are 
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introduced into the mouse germline using the yeast artificial chromosome approach. Green et al 
are concerned with engineering a mouse system that can produce the diverse repertoire of human 
V, D, J combinations that in turn produce the huge diversity of human antibody specificities. 
Green does not teach which V to combine with which J and/or D gene to provide a certain 
specificity of antibody. Green does not teach which V, J or D gene will provide an antibody that 
binds to PDGFD. 

Applicants respectfully submit that the present invention has identified specific 
germline human antibody heavy chain V, D, J combinations and light chain V, J combinations 
including nucleotide and amino acid sequence of the VH and VL domain FR and CDR regions 
that bind PDGFD from a diverse repertoire. VH1-8 is a specific heavy chain V gene, described 
on page 62, line 30 to page 63, line 3 of the current specification. JH6B is a specific heavy chain 
J gene, known in the art and described by Rabbitts, T. H. (1983). Biochem. Soc. Trans., 11, 119- 
126. D5-18 is a specific heavy chain D region known in the art and described by Corbett et al 
(1997). J. Mol. Biol., 270, 587-597. Until the applicants' invention was made, it would not have 
been known to specifically use VH1-8, VH6b and D5-18 to provide for a human antibody that 
binds to PDGFD. 

Applicants submit that the '687 merely suggests an antibody to PDGFD and Green 
merely provides a model for generating human antibodies. The combination of these two 
references in no way makes the Applicants invention obvious and the rejection of Claims 22, 30- 
32, 40-43 and 45 under 35 U.S.C. § 103(a) should be withdrawn. 

CONCLUSION 

Applicant respectfully requests that the amendments and remarks made herein be entered 
and made of record in the file history of the present application. Applicant respectfully submits 
that this paper is fully responsive and that the pending claims are in condition for allowance. 
Such action is respectfully requested. If there are any questions regarding these amendments and 
remarks, the Examiner is encouraged to contact the undersigned at the telephone number 
provided below. 

Respectfully submitted, 
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Date: November 19, 2004 




Wendy L. Davis, Reg. No. 38427 
Agent for Applicant 
CuraGen Corporation 
555 Long Wharf Drive, 9 th Floor 
New Haven, CT 065 11 
Direct: 203 974-6310 
Main: 203 401-3330 
Fax: 203 401-3351 
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Platelet-derived growth factor (PDGF) has been directly 
implicated in developmental and physiological process- 
es 1 - 5 , as well as in human cancer, fibrotic diseases and 
arteriosclerosis 6 . The PDGF family currently consists of at 
least three gene products, PDGF-A, PDGF-B and PDGF-C, 
which selectively signal through two PDGF receptors 
(PDGFRs) to regulate diverse cellular functions. After two 
decades of searching, PDGF-A and B were the only lig- 
ands identified for PDGFRs. Recently, however, database 
mining has resulted in the discovery of a third member of 
the PDGF family, PDGF-C 7 - 8 , a functional analogue of 
PDGF-A that requires proteolytic activation. PDGF-A and 
PDGF-C selectively activate PDGFR-a 7 ' 910 , whereas PDGF- 
B activates both PDGFR-a and PDGFR-p 9 n . Here we iden- 
tify and characterize a new member of the PDGF family, 
PDGF D, which also requires proteolytic activation. 
Recombinant, purified PDGF-D induces DNA synthesis and 
growth in cells expressing PDGFRs. In cells expressing 
individual PDGFRs, PDGF-D binds to and activates PDGFR- 
P but not PDGFR-a. However, in cells expressing both 
PDGFRs, PDGF-D activates both receptors. This indicates 
that PDGFR-a activation may result from PDGFR-a/P het- 
erodimerization. 

We searched a database of human expressed genes and identi- 
fied a unique complementary DNA, the open reading frame 
(ORF) of which was predicted to encode a new member of 
the PDGF/vascular endothelial growth factor (VEGF) family, here- 
after referred to as PDGF-D. Human PDGF-D (Fig. la) encodes a 
protein of 370 amino acids (relative molecular mass (M r ) 42,848, pi 
7.88). Isolation of the murine PDGF-D cDNA and analysis of its 
predicted ORF (370 amino acids, M r 42,808, pi 7.53) showed that 
PDGF-D is conserved across species (85% overall amino-acid iden- 
tity; data not shown). Computer analysis using PSORT 12 , PFAM 13 
and PROSITE 14 predicted that human PDGF-D contains a charac- 
teristic signal peptide (amino acids 1-23), a CUB (InterPro 000859) 
domain 15 (amino acids 53-167), a PDGF/VEGF-homology domain 
(amino acids 272-362) and an N- linked glycosylation site (amino 
acid 276). BLASTP analysis revealed that human PDGF-D is most 
closely related to human PDGF-C, PDGF-B and PDGF-A (42%, 
27% and 25% overall amino-acid identity, respectively; data not 
shown). An alignment of the core PDGF domains from PDGF-D 
(human and mouse), PDGF-C, PDGF-B and PDGF-A is presented 
in Fig. lb. From this, it is apparent that PDGF-D retains seven of 
the eight invariant cysteine residues that are involved in intrachain 
and interchain disulphide bonding 16 , with a substitution of a 
glycine residue at the site of the fifth invariant cysteine. 

Using genomic DNA sequences obtained from GenBank, we 
also elucidated the exon/intron organization of PDGF-D. Analysis 
of the genomic DNA sequence indicated that the PDGF-D gene is 
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comprised of seven exons (Fig. la), like PDGF-A and PDGF-B. In 
PDGF-D, both the CUB (exons two and three) and PDGF (exons 
six and seven) domains span two exons. PDGF-D lacks the car- 
boxy-terminal retention motif found in the PDGF-A exon-six 
splice variant and in PDGF-B 17 . We identified an in-frame stop 
codon 9 base pairs (bp) upstream of the initiator methionine. We 
found that the chromosomal location of the PDGF-D gene is 
llq22.3; we further pinpointed it by radiation hybrid analysis, 
which showed that the gene is located 3.36 cR from marker WI- 
9345 on chromosome 1 1 (data not shown). 

We examined the expression profile of PDGF-D messenger 
RNA using a real-time quantitative polymerase chain reaction 
(PCR) 18 . In the 37 normal human tissues examined, PDGF-D was 
most highly expressed in the adrenal gland (Fig. 2a). Moderate lev- 
els of PDGF-D were present in pancreas, adipose tissue, heart, 
stomach, bladder, trachea, mammary gland, ovary and testis. In 
contrast, PDGF-B was highly expressed in heart, brain (substantia 
nigra), fetal kidney and placenta. Moderate expression levels were 
observed in brain (hippocampus), skeletal muscle, kidney and lung 
(Fig. 2a). PDGF-D transcripts were also highly expressed in some 
tumour cell lines (derived from glioblastomas, carcinomas and 
melanomas) and in some human cancer tissues (kidney and ovari- 
an carcinoma; data not shown). These results show that PDGF-D 
has a localization that is distinct from that of PDGF-B. 

To examine the biochemical properties of PDGF-D, we sub- 
cloned the PDGF-D cDNA into a mammalian expression vector. 
After transfection into 293 HEK cells and growth in the presence or 
absence of 10% FBS, western blotting (after SDS-polyacrylamide- 
gel eletrophoresis (SDS-PAGE) under reducing conditions) 
showed that PDGF-D was secreted as a species of M r 49,000 (49K) 
or 20K, respectively (data not shown). We therefore expressed 
PDGF-D in the presence or absence of FBS and purified it to >95% 
homogeneity for biological characterization. As shown in Fig. 2b 
(lane 2), expression of PDGF-D under serum-free conditions 
resulted in the detection of the expected M r 49K gene product 
under reducing conditions. A dimeric species, p84, was detected 
under non-reducing conditions (Fig. 2b, lane 1). When PDGF-D 
was purified from serum-containing conditioned medium, a prin- 
cipal species, p35, was observed, as well as a minor species, pi 5 (Fig. 
2b, lane 3). Sequence analysis of the amino terminus of p35 
revealed proteolytic cleavage after R247 or R249. Under reducing 
conditions, this product was found to migrate as three predomi- 
nant species (p20, pl4 and p6; Fig. 2b, lane 4). Further sequence 
analysis showed that pi 4 and p6 resulted from proteolytic cleavage 
of p20 at K339 or R340. As the majority of p35 migrated as a single 
band under non-reducing conditions, it is likely that the p35 dimer 
is nicked and that the chains are held together by disulphide bonds. 
These results indicate that PDGF-D is secreted as a dimer, which we 
have termed PDGF-DD, and that it is proteolytically processed in 
the presence of FBS. 



517 



& ©2001 Macmillan Magazines Ltd 



brief communications 



1 |CGCAG<XiCGGCGCOGCCTCGGTCCCGOGAGCAGAACCCGCCTTTTTCTTGCXGCGACGCTGTCTCTAGTCCCTGA.TCCCi 
81 ^[^ACCGGCTCATCTTTGTGTACACTCTJaTCTGCGCAAACTTTTGCAGCTGTCGGGACAC 

HHRL IFVYTLICAN F C SCRDTSATPQS 

Exo ^KP^ Exo 

GCGCATCCATCAAAGCTTTGCGCAACGCCAACCTCAGGCGAGATGjiGAGCAATCACCTCACAGACTTGTACCGAAGAGAT 

A3 IKALRHANLRRDESNHLTDLYRRD 

G AG ACC ATCC AGGTG AA AGG A AACGGC T ACGTGC AGAGTCC TAGATTC CCGAAC AGCT AC CC C AGG AACCTGC TCCTG AC 

ETIQVKGNGYVQ3PRFPN5YPRNLLLT 

ATGGCGGC TTC ACTCTC AGG AGAATAC ACGGAT AC AGCTAGTGTTTGAC AATC AGTTTGGATTAGAGG AAGC AG AAAATG 

V R LHS QENTRIQLVFDNOFGLEEAEND 
Exo^u^Exo 

ATATCTGTAqGTATGATTTTGTGGAAGTTGAAGATATATCCGAAACCAGTACCATTATTAGAGGACGATGGTGTGGACAC 

ICRYDFVEVED ISET3TIIRGRWCGH 
AAGGAAGTTC C TCC AAGGATAAAATC AAG AACG AAC C AAATTAAA ATC AC ATTC AAGTC CGATGAC TAC TTTGTGGC TA A 
KEVPPRIKS R , T N QIKITFKSDDYFVAK 
Exo 4hqi^9> Exo 

ACCTC^ATTCAAGATTTATTATTCTTTGCTC|GAAGATTTCCAACCCGCAGCAGCTTCAGAGACCAACTGGGAATCTGTCA 

P G F K „ I Y YSLLEDFQPAAA3ETNHESVT 
Exo Exo 

C AAGC TCTATTTC Jl|GGGGTATC CTATAACTCTCC ATC AGTA AC GG ATC CC ACTCTGATTGC GG ATGCTCTGG AC AA AAA A 
SSISGVSYNSPSVTDPTLIADALDKK 



TCTGGACACCCCTCCGTATCGAGGCAGGTCATACCATGACCGGAAGTCAAAAGhTGACCTGGATAGGCTCAATGATGATG 

LDTPRYRGR3YHDRKSKVDLDRLNDDA 

CCAAC<GTTACAGTTGCACTCCCAGGAATTACTCGGTCAATATAAGAGAACAGCTGAAGTTGGCCAATGTGGTCTTCTTT 

KRY3CTPRNYSVNIREELKLANVVFF 

C C ACGTTGCC TC CTCGTGC AGCGC TGTGG AGG A AATTGTGGCTGTGGAACTGTC AACTGG AGGTCC TGC AC ATGC AATTC 

PRCLLVQR C , G g NCGCGTVNORSCTCNS 
Exo Exo 

AGGGA AAACCGTGA AA AAGT ATC ATGAGPTATT AC AGTTTG AGCCTGGCC AC ATC AAGAGGAGGGGTAGAGCTA AG ACC A 
GKTVKKYHEVLQFEPGHIKRRGRAKTH 

1121 TGGCTCTAGTTGAC ATCC ACTTGC ATC ACC ATGAACGATCTGATTGTATCTTC^ 

ALVDIQLDKRERCDC ICSSRPPR 
1201 GTGCACATCCTTACATTAAGCCTGAAAGAACCTTTAGTTTAAGGAGGGTGAGATAAGAGACCCTTTTCCTACCAGCAACC 
1291 AAACTTACTACTAGCCTGCAATGCAATGAACACAAGTGGTTGCTGAGTCTCAGCCTTGCTTTGTTAATGCCATGGCAAGT 
1361 AGA AAGGTATATC ATC AAC TTC TATACC TAAG AATATAGGATTGC ATTTAATAATAGTGTTTGAGGTTATATATGC AC A A 
1441 AC AC AC AC AGAA AT AT ATTC ATGTCTATGTGTATAT AGATC AAATGTTTTTTTTGCTATATATAACC AGCTAC ACC AG AG 
1521 CTTACATATGTTTGAGTTAGACTCTTAAAATCCTTTGCCAAAATAAGGGATGGTCAAATATATGAAACATGTCTTTAGAA 
1601 AATTTAGGAGAT AAATTTATTTTT AAATTTTGAAAC AC AAAAC AATTTTG AATC TTGC TC TCTTAAAGAA AGC ATCTTGT 

16B1 atattaaajjitcaaaagatgaggctttcttacatatacatcttagttg| 
b 

Human PDGF-D CTPRNYSVNI -REELKLANWF - -FPRCLLVQRCGGNCGCGTVNWRSCjTC 
Murine PDGF-D CTPR1WSVNL-REELKLTNAW--FPRCLLVQR^GGNCGCGTVNWKSCTC 
PDGF - C §TPRNFSVS I -REELKRTDTI F - -WPGCLLVKRgj3GNCA^LHNCNE£QC 

PDGF-B CKTRTEVFEI SRRL I DRTNANFLVW P PCVEVQrEsG CCNNRNVQtR P 

PDGF-A CKTRTVIYEIPRSQ\/DPTSAl^LIWPPg/E^ 

Human PDGF-D NS---GKTVKKYHEVLQFEPGHIKRRGRAKTMALVDIQLDHHERCDg 

Murine PDGF-D SS GKTWKYHEVLKFEPGHFKRRGKAKNMALVDIQLDHHER^DC 

PDGF-C VP---SKVTKKYHEVLQLRPKTGVRGLH-KSLTDVA--LEHHEEtDg 

PDGF-B TQVQLR PVQVRKI E I VRKKP I F KKAT-VT LEDHLACKC 

PDGF-A SRVHHRSVKVAKVEYVRKKPKL KEVQ-VR LE EH LEG AC 

Figure 1 Nucleotide and deduced amino-acid sequence of human PDGF-D. domains among PDGF family members. GenBank accession numbers used for 

a, The genomic structure and deduced encoded sequence of the human PDGF-D alignment are AF335584 {human PDGF-D), AF335583 (murine PDGF-D), AAF80597 

gene. Initiation and stop codons are boxed; intron/exon boundaries are indicated by (PDGF-C), P01127 (PDGF-B) and P04085 (PDGF-A). Invariant cysteine residues are 

arrows. Numbers represent nucleotide numbers, b, Comparison of core PDGF shaded; asterisk indicates the missing invariant cysteine residue in PDGF-D. 

We tested recombinant PDGF-DD p84 and p35 for their ability to To investigate the possibility that PDGF-DD exerts its biological 
induce DNA synthesis in a 5-bromodeoxyuridine (BrdU)-incorpo- effects through PDGFR-a and/or PDGFR-p, we examined PDGFR 
ration assay. Using NIH 3T3 embryonic lung fibroblasts, p35 induced binding and phosphorylation in well- characterized PDGFR- null 
BrdU incorporation at a half-maximal concentration of 20 ng ml -1 cells engineered to express PDGFR-a or PDGFR-p 919 . As shown in 
(Fig. 2c). p84 did not induce BrdU incorporation at concentrations Fig. 3a, PDGF-DD did not compete with 125 I-labelled PDGF-AA for 
up to 1 jig ml -1 (Fig. 2c), nor did it block p35- or PDGF-BB-induced binding to PDGFR-a in cells overexpressing this receptor (32DaR), 
BrdU incorporation (data not shown). Comparatively, PDGF-AA at concentrations up to 250 nM. However, PDGF-DD did compete 
and PDGF-BB induced half-maximal DNA synthesis at -4 and 5 ng with I25 I-labelled PDGF-BB for binding to PDGFR-P in cells over- 
mi" 1 , respectively. At concentrations of PDGF-DD of >10 ngml" 1 , expressing this receptor (HR5PR), although higher concentrations 
there was an increase in overall BrdU incorporation compared with of PDGF-DD were required relative to the PDGF-BB competitor 
PDGF-AA and PDGF-BB. However, in other experiments that meas- (Fig. 3b). As expected, PDGF-AA did not compete with l25 I-labelled 
ured mitogenicity, PDGF-DD supported the growth of NIH 3T3 PDGF-BB for binding to PDGFR-p, confirming the specificity of 
cells, CCD 1070 foreskin fibroblasts, MG-63 osteosarcoma cells, the binding assay. 

Ul 18-MG glioblastoma cells and primary smooth-muscle cells to a We further confirmed these results by analysing PDGFR activa- 

similar extent to PDGF-BB (data not shown). Together, these results tion using a two-site, enzyme-linked immunosorbent assay 

indicate that PDGF-DD may be a latent growth factor, the activity of (ELISA) that quantitatively measures incorporation of phosphoty- 

which may be dependent on proteolytic dissociation of the rosine into PDGFR-a or PDGFR-p. As shown in Fig. 3c, exposure 

PDGF/VEGF core domain from the CUB-containing region. of 32DaR cells for 10 min to PDGF-AA or PDGF-BB induced a 
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Figure 2 TaqMan expression analysis, purification and biological activity of 
PDGF-DD. a, Real-time quantitative PCR analysis of PDGF-DD expression. Normal 
tissues were analysed using specific TaqMan reagents for PDGF-D (upper panel) or 
PDGF-B (lower panel) derived from the indicated samples. Equal quantities of nor- 
malized RNA were used as a template in PCR reactions to obtain threshold cycle 
(C T ) values. C T is expressed as per cent expression relative to the sample exhibiting 
the highest level of expression, b, Purification of PDGF-D. PDGF-D was purified from 



transfected HEK 293 cells cultured in the presence (lanes 3 t 4) or absence (lanes 
1, 2) of FBS. PDGF-D was resolved by SDS-PAGE and stained with Coomassie blue. 
Samples were treated with (+) or without (-) dithiothreitol (DTT). The positions of rel- 
ative molecular mass markers are indicated on the left, c, BrdlMncorporation 
assay. NIH 3T3 fibroblasts were serum-starved, incubated with PDGF-DD p35 (cir- 
cles), PDGF-DD p84 (diamonds), PDGF-BB (triangles) or PDGF-AA (squares) for 18 h, 
and assayed for incorporation of BrdU (s.d. did not exceed 15%). 



four to ten-fold induction in tyrosine phosporylation of PDGFR-a. 
No induction was observed with PDGF-DD. In HR5pR cells, 
PDGF-BB and PDGF-DD, but not PDGF-AA, induced phosphoty- 
rosine incorporation (Fig. 3d). PDGF-DD-induced phosphoryla- 
tion was detected at concentrations as low as 10 ng ml' 1 , but never 
reached the level of PDGF-BB-induced phosphorylation at the 
highest concentrations tested. Together, these results demonstrate 
that in cells expressing individual PDGFRs, PDGF-DD binds to and 
activates PDGFR-p, but not PDGFR-a. 

We next measured PDGFR activation in CCD 1070 fibroblasts 
expressing both PDGFR-a and PDGFR-p. As expected, PDGF-AA 
induced tyrosine phosphorylation of PDGFR-a, whereas PDGF- 
BB activated both PDGFR-a and PDGFR-p. Unexpectedly, PDGF- 
DD induced phosphotyrosine incorporation in both PDGFR-a 
and PDGFR-P (Fig. 3e, f ). Similar results were obtained using MG- 
63 cells containing both PDGFRs (data not shown). We confirmed 
the CCD 1070 results by PDGFR immunoprecipitation followed by 
anti-phosphotyrosine western blotting (Fig. 3g). Consistent with 
the results of the two-site ELISA, PDGF-DD and PDGF-BB activat- 
ed both PDGFR-a and PDGFR-p. PDGF-AA induced phosphory- 
lation only of PDGFR-a, which again confirms the specificity of 



the assay. p84 PDGF DD induced no PDGFR activation (data not 
shown). 

To explain PDGFR-a activation, we investigated whether PDGF- 
DD binds directly to PDGFR-a in CCD1070 cells after binding to 
PDGFR-p. This could occur, for example, if interaction with 
PDGFR-p induces conformational changes in PDGF-DD that facil- 
itate interaction with PDGFR-a. In the CCD1070 binding assay 
(Fig. 3h), PDGF-BB and PDGF-AA, but not PDGF-DD, blocked 
binding of ,25 I-labelled PDGF-AA. PDGF-DD had no effect on 
binding of l25 I-labelled PDGF-AA at concentrations of >40 nM. We 
further confirmed the dependence of PDGF-DD signalling on inter- 
action with PDGFR-p by blocking it with an antibody that neutral- 
izes PDGFR-p, but not PDGFR-a (data not shown). The results 
were consistent with the 32DaR binding assay and indicate that 
PDGF-DD does not undergo PDGFR-p- induced conformational 
changes that promote competitive PDGFR-a binding. 

We next investigated whether PDGFR-a is activated through 
interaction with PDGFR-P in PDGFR-a/p heterodimers. As shown in 
Fig. 3i, at concentrations selected for maximal phosphotyrosine 
incorporation, PDGF-BB and PDGF-DD (to a fivefold lesser extent) 
were able to induce formation of PDGFR-a/p heterodimers, whereas 
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Figure 3 PDGF-DD-binding, tyrosine-phosphorylation and heterodimerization 
of PDGFRs. a, b t PDGFR binding. Competition by PDGF-DD {circles} for binding of 
labelled PDGF-AA to 32DaR cells expressing PDGFR-a (a) or of 125 Mabel!ed 
PDGF-BB to HR5pR cells expressing PDGFR-p (b). Competition by PDGF-AA 
(squares) and PDGF-BB (triangles) are shown for comparison (s.d. did not exceed 
15%). c-g t Tyrosine phosphorylation of PDGFRs. Cells expressing PDGFR-a (c) or 
PDGFR-p (d), or CCD 1070 cells (expressing PDGFR-a and PDGFR-P; e, f) were 
serum-starved and incubated in the presence or absence of PDGF-DD, PDGF-AA or 
PDGF-BB at the indicated concentrations for 10 min. Whole-cell lysates were pre- 
pared and analysed using a specific two-site ELISA for incorporation of phosphoty- 
rosine into PDGFR-a (c, e) or PDGFR-p (d, f). In e and f , PDGFR-a/p neterodimers, 
as well as monoclonal-antibody-specific PDGFR homodimers contribute to the anti- 



phosphotyrosine signal after treatment with PDGF-BB and PDGF-DD, but not PDGF- 
AA. g, CCD 10 70 fibroblasts were treated with the indicated PDGFs at 200 ng mh 1 
for 1 0 min. Lysates were then immunoprecipitated (IP) with antibodies against 
PDGFR-a or PDGFR-p and subjected to western blotting with anti-phosphotyrosine 
monoclonal antibody (anti-PY) or with antibodies against PDGFR-a or PDGFR-p as 
indicated. Blots were visualized using enhanced chemiluminescence. h, Inhibition of 
binding of 125 Mabelled PDGF-AA to CCD1070 fibroblasts. Binding was competed 
with PDGF-DD, PDGF-BB or PDGF-AA (see Methods; s.d. did not exceed 15%). i, 
PDGFR heterodimerization in cells expressing both PDGFRs. CCD 1070 fibroblasts 
were serum-starved, incubated with the indicated PDGF for 10 min and lysed. 
Formation of PDGFR-a/p heterodimer complexes was assayed (see Methods). 



PDGF-AA was unable to induce heterodimerization. Thus, PDGF- 
DD-induced tyrosine phosphorylation of PDGFR-a may be 
explained by the formation of PDGFR-a/p signalling complexes and 
concomitant phosphorylation. 

A possible explanation for the existence of PDGF-DD is its 
potential for stimulating cells expressing either PDGFR-p or both 
PDGFRs, while not affecting nearby cell populations expressing 
only PDGFR-a. PDGF-DD does not compensate for the predomi- 
nantly lethal phenotype observed in PDGF-knockout mice 1-5 , indi- 
cating that it may have unique spatial and temporal functions. 
Cleavage of the PDGF-DD CUB domain represents a strategy by 
which growth-factor activity may be regulated by adjacent or dis- 
tant cell populations dependent on protease expression, recogni- 
tion and cleavage. Of particular interest is the high expression of 
PDGF-DD in the adrenal gland, an organ that secretes hormones 
particularly during stress 20 . It is possible that PDGF-DD has a sys- 
temic and/or neuroendocrine function during, for example, trau- 
ma or fibrotic disease. The lack of a sequence in PDGF-D for cell- 
surface retention supports this idea. In addition, we have observed 
increased PDGF-DD expression in cancer tissues and cell lines. 



Considering the role that PDGFs have in malignancy, it is possible 
that inappropriate expression of PDGF-DD contributes to certain 
cancers. We are currently generating the necessary reagents to vali- 
date further the role of PDGF-DD in human diseases, as well as 
exploring the possibility of exploiting its growth-promoting prop- 
erties for therapeutic purposes. 

Note added in proof. After acceptance of this manuscript, we 
learnt of the work of Bergsten et al in this issue, which describes an 
identical PDGF-D sequence 21 . □ 

Methods 

Cells and growth factors. 

NIH 3T3 fibroblasts, CCD 1070 fibroblasts, MG-63 osteosarcoma (ATCC) and 293-EBNA cells 
(Invitrogen) were obtained from commercial sources. CCDl070s contain -50,000 PDGFR-a mole- 
cules and -95,000 PDGFR-P molecules. 32DaR (a gift from J. Pierce, National Cancer Institute, 
Bethesda, Maryland) and HR5pR cells containing -50,000 PDGFR-a molecules and -55,000 PDGFR- 
P molecules, respectively, are described elsewhere* ". 

Identification and isolation of human and murine PDGF-D cDNAs. 

A technology (R. Shimkets, manuscript in preparation) that provides DNA-sequence information for 
the coding regions of expressed genes was used to identify a partial PDGF-D cDNA. Full-length 
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PDGF-D cDNA (1,828 bp) was obtained by rapid amplification of cDNA ends (RACE). The sequence 
of PDGF-D encoding amino acids 24-370 was amplified from a human pituitary library (Clontcch) by 
PCR using forward primer 5'-CTCGTCGAATTCACCCCGCAGAGCGCATCCATCAAAGC and reverse 
primer 5'-CTCGTCCTCGAGTCGAGGTGGTCTTG AGCTGCAGATACA. Murine PDGF-D was ampli- 
fied from a murine brain library {Clontech) by PCR using forward primer 5'-CGCGGATCCATG- 
CAACGGCTCGTTTTAGTCTCCATTCTCC and reverse primer 5'- CGCGG ATCCTTATCGAGGTG - 
GTCTTGAGCTGCAGATACAGTC. 

Genomic organization of the PDGF D gene. 

The genomic organization of human PDGF-D was deduced from hits (>99%) generated by a BLASTN 
analysis of the genomic clones with GenBank accession nos AC026640, AC0231 29, AC024052 and 
AC067870. 

Purification of recombinant PDGF-DD. 

PDGF-D was expressed in HEK 293 cells grown on porous microcarriers (Cullisphere-GL; Hyclone, 
Logan, Utah) in 1 -litre spinner flasks. Cells were grown in DMEM/FI2 media containing 1% peni- 
cillin/streptomycin in the presence or absence of 5% FBS. Conditioned medium was loaded onto a 
POROS HS50 column (PE Biosystems, Foster City, California) pre-equilibratcd with 20 mM 
Tris-acetate, pH 7.0. After washing with equilibration buffer, bound proteins were eluted with a step 
NaCI gradient (0.25 M, 0.5 M, 1.0 M and 2.0 M). Fractions containing PDGF-DD p35 (1.0 M NaCI 
step elution) or p84 (0.5 M NaCI step elution) were pooled, dialysed and then loaded onto a POROS 
MC20 column precharged with nickel sulphate (PE Biosystems). Bound proteins were eluted with a 
linear gradient of imidazole (0-0.5 M). Protein purity was estimated to be >95% by SDS-PAGE 
(4-20% Tris-glycine gradient gel; Invitrogen) analysis. 

Real-time quantitative PCR expression analysis. 

RNA samples comprising normal human tissues were obtained commercially (Clontech; Invitrogen; 
Research Genetics). Real-time quantitative PCR was carried out using an AB! Prism 7700 sequence- 
detection system (PE Applied Biosystems) using ToqiMan reagents (PE Applied Biosystems). RNAs 
were normalized using human P- act in and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
TaqMan probes according to the manufacturer's instructions. Equal quantities of normalized RNA 
were used as template in PCR reactions with PDGF-D-specific reagents to obtain threshold cycle (Cj) 
values. For graphical representation, C, numbers were converted to per cent expression, relative to the 
sample exhibiting the highest level of expression. Primers used for PDGF-D analysis were as follows: 
forward, 5'-CGCTTGGCATCATCATTGAG; reverse, 5'-CGGTATCGAGGCAGGTCATAQ TajMan 
probe, 5'-FAM-TCCAGGTCAACl 1 1 lGACTTCCGGTCA-TAMRA.The FAM (6-carboxyfluorescein) 
reporter is covalently linked to the 5' end of the probe; TAMRA (6-carboxy-N,N,iv*,iv v -tetramethyl- 
rhodamine), located at the 3' end of the probe, is used for quenching. Primers used for PDGF-B analy- 
sis were as follows: forward, 5'-AAGATCGAGATTGTGCGGAAGA; reverse, 5'-ACTTGCAT- 
GCCAGGTGGTCT; TaqMan probe, 5'-FAM-CCAGCGTCACCGTGGCCTTCTTAA-TAMRA. 

BrdU-incorporation assay. 

Cells were cultured in 96-well plates to - 100% confluence, washed, fed with DMEM and starved for 24 
h. Recombinant PDGF-DD, PDGF-AA or PDGF-BB was then added at the indicated concentration to 
cells for 18 h. The BrdU-incorporation assay was carried out according to the manufacturer's specifica- 
tions (Roche) with an incorporation time of 5 h. In some experiments, BrdU incorporation induced 
by PDGF-AA, PDGF-BB or PDGF-DD was blocked by anti-hPDGFR-a (AF-307-NA) and/or anti- 
hPDGFR-p (AF385) neutralizing antibodies (R&D Systems, 10 Mg ml' 1 ). 

PDGFR-binding assays. 

Adherent HR5BR, MG-63 and CCD 1070 cells were resuspended in PBS with 5 mM EDTA,washed 
three times in binding medium (RPMI, 25 mM HEPES, pH 7.4, and 1 mg ml" 1 BSA for HR5BR and 
32DaR cells, or DMEM, 25 mM HEPES, pH 7.4, and I mg ml' 1 BSA for CCD 1070 cells). PDGF-AA 
labelled with ,s | using the ChloramineT method, or '"I-labelled PDGF-BB (New England Nuclear) 
was added to 0.5 x 10* HR5BR or CCD1070 cells, or I x 10* 32DccR cells in the presence of increasing 
concentrations of unlabelled ligand, and incubated on ice for 90 min. Bound and unbound ligand 
were separated using an oil-phase separation method and counted using a Beckman gamma counter". 

PDGFR tyrosine-phosphorylation assays. 

For the experiments shown in Fig. 3c-f, CCD 1070 fibroblasts were grown to confluence, starved 



and then stimulated as described". Tyrosine phosphorylation of receptors was quantified as 
described" using monoclonal antibodies alphaRIO and IB5B11 (5 Mg ml* 1 ) to capture PDGFR-a or 
PDGFR-p, respectively. Anti-phosphotyrosine antibody (2.5 Mg ml"'; Transduction Laboratories) 
was used to measure tyrosine phosphorylation of PDGFRs. For the experiments shown in Fig. 3g, 
CCD1070 fibroblasts were serum-starved for 18 h and then stimulated with 200 ng mM PDGF-DD, 
PDGF-AA or PDGF-BB for 10 min. Whole-cell lysates were solubilized in RIPA buffer (25 mM 
Tris-HCl pH 7.5, 150 mM NaCI, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, 5 mM 
EDTA, 10 mM sodium pyrophosphate, 50 mM sodium fluoride, 1 mM sodium orthovanadate, I 
mM phenylmethylsulphonyl fluoride, 10 ng ml"' leupeptin, 10 ng ml*' pepstatin and 1 Mg ml" 1 
aprotinin)', sonicated, incubated with antibodies against PDGFR-a (SC-338) or PDGFR-B (SC- 
432; Santa Cruz Biotechnology; 5 Mg each) and precipitated with protein G-agarose. SDS-PAGE 
sample buffer with 100 mM dithiothreitol was added, and samples were fractionated on 7.5% 
SDS-polyacrylamide gels. After elect ropho ret ic transfer to Immobtlon P membranes (Millipore), 
filters were blocked and then incubated with antibodies against PDGFR-a or PDGFR-f} (1:500) or 
phosphotyrosine (1:1000), according to the manufacturer's instructions. Bound antibody was 
detected after incubation for 1 h with goat anti-rabbit immunoglobulin G (IgG; whole molecule; 
1:2,000) or goat anti-mouse IgG (heavy and light chains; 1:10,000) conjugated to horseradish per- 
oxidase (Boehringer). Enhanced chemiluminescence (Amersham) was carried out according to the 
manufacturer's instructions. 

PDGFR-heterodimerization assay. 

CCD 1070 fibroblasts were grown to confluence, starved and then stimulated with 10 ng ml" 1 PDGF- 
AA, 10 ng mh 1 PDGF-BB or 100 ng ml-' PDGF-DD for 10 min at 37 °C. Lysates were prepared and 
heterodimeric PDGFR-a/B complexes were detected with a specific two-site ELISA using anti-PDGFR- 
B monoclonal antibody 1B5B11 (5 Mg ml" 1 ) to capture PDGFR-B and anti-PDGFR-a antibody 3979 
(2.5 Mg ml" 1 ) to detect bound PDGFR-a as described". The amount of PDGF-a/p heterodimers was 
quantified as described using a kinetic so ft max program". 
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BY-PASSING IMMUNIZATION: BUILDING HIGH 
AFFINITY HUMAN ANTIBODIES BY CHAIN SHUFFLING 

James D. Marks 1 , Andrew IX Griffiths 1 , Magnus Malmqvist 1 , Tim R Clackson 1 , 
Jacqueline M. Bye 1 * and Greg Winter 1 * 3 * 




Diverse antibody libraries can be dis- 
played on the surface of filamentous bacte- 
riophage, and selected by panning of the 
phage with antigen. This allows human 
antibodies to be made directly in vitro 
without prior immunization, thus mimick- 
ing the primary immune response 1 . Here 
we have improved the affinity of one such 
"primary" antibody by sequentially 
replacing the heavy and light chain varia- 
ble (V) region genes with repertoires of 
V-genes (chain shuffling) 2 obtained from 
unimmunized donors. For a human phage 
antibody for the hapten 2-phenyloxazol-5- 
one (phOx) (K, = 3,2 x 10 7 M), we shuf- 
fled the light chains and isolated an 
antibody with a 20 fold improved affinity. 
By shuffling the first two hypervariable 
loops of the heavy chain, we isolated an 
antibody with a further 15-fold improved 
affinity. The reshuffled antibody differed 
in five of the six hypervariable loops from 
the original antibody and the affinity for 
phOxOK^ = 1.1 x 10" 9 M) was comparable 
to that of mouse hybridomas from the 
tertiary immune response. Reshuffling 
offers an alternative to random point 
mutation for affinity maturation of human 
antibodies in vitro. 



For serotherapy, monoclonal antibodies would 
ideally be of human origin, but human hybrido- 
mas are difficult to make and require human 
immunization (see ref. 3 for review). New tech- 
nologies have prompted new solutions. For example, 
gene technology has prompted the ^humanizing' of 
rodent antibodies by transplanting their hypervariable 
loops into a human antibody 4 "*, leading to clinical appli- 
cation 9 . The use of the polymerase chain reaction 10 
(PCR), to clone and express antibody V-genes 1112 and 
phage display technology 13 14 to select antibodv genes 
encoding fragments with binding activities 15 has resulted 
in the isolation of antibody fragments from repertoires 
of PCR amplified V-genes using immunized mice or 



humans 2 * 16 thus by-passing conventional hybridoma 
technology. 

Recently, we reported the isolation of human antibody 
fragments directed against both small (hapten) and large 
(protein) antigens from the same single chain Fv (scFv) 1 ™ 
library (3 x 10 7 members) made from the V-genes of 
unimmunized healthy blood donors and displayed on 
the surface of bacteriophage 1 . The process by-passes 
immunization by mimicking immune selection. Indeed, 
the antibody fragments were highly specific and had 
affinities typical of a primary immune response (K^ ■ 1 
- 5 x 10" 7 M). The technology appears to have the poten- 
tial to make human antibodies entirely in vitro, but for 
most practical applications the antibodies need higher 
affinities typical of later immune responses. 

Affinity maturation can be mimicked in vitro by mak- 
ing point mutations in the V-genes, for example by using 
an error-prone polymerase, and selecting mutants for 
improved affinity 19 . Alternatively, new combinations of 
antibody heavy and light chains can be made by recom- 
bining a single heavy or light chain with a library of 
partner chains (chain shuffling). Chain shuffling has 
been used to make new combinations of heavy and light 
chains with hapten binding activities from the V-genes of 
immunized animals but affinities of the shuffled antibod- 
ies were not measured" 0 . An attempt to derive hapten 
binding antibodies by reshuffling the V-genes from an 
immunized source with those from a naive source failed, 
prompting the authors to assert that "redesign of anti- 
bodies through recombination of a somatically mutated 
chain with a naive partner may be a difficult process"* 0 . 

For this work, we started with the human antibody 
(aphOx-15) directed against the hapten 2-phenyioxazol-5- 
one (phOx) that had been isolated from a phage display 
library made from unimmunized human donors 1 . Both 
heavy and light chains of a-phOx-15 are somatically 
mutated. Using repertoires of neavy and light chain V- 
genes from unimmunized donors, we reshuffled the 
heavy chain with the repertoire of light chains, and vice- 
versa to make shuffled somatically mutated antibodies 
with higher affinities. 

RESULTS * 

Light chain shuffling. A scFv fragment (aphQx-15) 
directed against the hapten phOx was isolated from a 
phage antibody library constructed from the heavy (VH) 
and light (V* and VX) chain genes from the peripheral 
blood lymphocytes of unimmunized human donors 1 . 
The VH gene of aphOx-15 was assembled with a reper- 
toire of Vk and VX genes from the same unimmunized 
donors to make shuffled scFv genes 2 , and cloned into the 
phagemid vector pHENl (re£ 21) for display as a fusion 
with gene 3 coat protein 15 . After transformation, the pha- 
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FIGURE 1 Sequences and affinities of the light and heavy chains 
of phOx binders from the shuffled libraries. The sequences of 
the light chains are compared to aphOx-15 and the most 
homologous VX germ-line geneJMXl A (ref. 1). The sequences 
of the heavy chains are compared to aphOx-15 and the most 
homologous germline gene VH380.6 (ref. 1). Relative affinities 
were determined by inhibition ELISA and are expressed as 



Iso rnutant/I w aphOxlS. Affinities were determined by fluoresf, 
cence quench titration. All antibodies bound phOx specifically 
(did not bind BSA in an ELISA and binding to phOx-BSA£ 
coated microtitre plates could be inhibited by soluble phOx-, 
GABA). "Location of the cloning site for the heavy chain' 
repertoire. 



gemid library (2 x 10 6 clones) appeared diverse by BstNI 
fingerprinting*, was rescued with helper phage 1 and sub- 
jected to panning on phOx-BSA coated tubes 1 . For 
expression of soluble scFv, the phage eluted from the 
tubes were used to infect a non-suppressor strain of 
bacteria 21 (for details see Experimental Protocol). 

To identify clones with improved affiniues, the binding 
of soluble scFvs to phOx-BSA were compared by ELISA. 
After a single round of panning, soluble scFv from 59/192 
clones bound to phOx-BSA with a stronger signal than 
aphOx-15 scFv whereas before panning, none of 192 
clones gave a stronger signal. Six of these clones, and a 
further 4 clones from a second round of panning, were 
sequenced. Six unique VX light chains were found, ail 
from the same VXl-gene family and probably the same 
germ-line gene as the aphOx-15 light chain (Fig. 1). The 
human VX chains were mutated at a range of sites, diverg- 
ing by 0 to 9 amino acid residues from the putative VX 
germ-line gene (VXJM1A). The clustering of residue 
changes, particularly in CDR3, indicates that the mutant 
light chains were derived directiy from the germ-line VX- 
gene rather than the aphOx-15 light chain (Fig. 1). 

The scFv fragments from eight different clones- were 
ranked by competition for binding to phOx-BSA with 
soluble phOx hapten 22 , and the "relative affinities" were 



found to be up to 27 fold higher than aphOx-15 (Fig. 1), 
The affiniues of aphOx-15 and aphOxB2 (the clone with 
the highest relative affinity) were also measured directly 
by fluorescence quench titration. The affinity of 
aphOxB2 was found to be 1.5 x 10"* M (20 fold higher 
than aphOx-15) (Table 1). The kinetics of binding (off- 
rates) of purified aphOx-15 and aphOxB2 scFvs to phOx 
modified BSA were determined by real-time biospecific 
interaction analysis based on surface plasmon resonance 
(SPR, Pharmacia BIAcore) 2524 . The off-rate was much 
slower for <xphOxB2 but calculated on-rates (k„ ff /KJ were 
similar (Table 1). Thus the improved affinity of aphOxB2 
is due to its slower off-rate 

Heavy chain shuffling. The reshuffled heavy chain 
library was prepared as described in the Experimental 
Protocol. Briefly, a repertoire of VH genes (VH1 family) 
was amplified by PCR from the IgG and IgM nxRNAs of 
unimmunized donors using primers based in the first 
and third framework regions. The VH repertoire, which 
encodes the first two nypervariable loops and three 
framework regions, was cloned into a vector encoding 
die third hypervariable loop and.. the light chain of 
o:-phOxB2. The resulting library (2 x 10 3 clones) was 
panned on phOx and soluble scFv screened by ELISA for 
binding after each round of selection. 



TABLE 1 Affinities and kinetics of binding to phOx of original isolate (aphOxlS) and chai n shuffled mutants. 

K/(M) kofft<s- 1 ) 



Clone 



Residue changes 
(from orphOx-15) 



k on §(M-> s-») 



Original Isolate 

aphOx-15 0 
New Light chain 

aphOxB2 10 

New Light chain and heavy chains 

aphOx34H 16 

aphOx4l2D 15 

aphOx48A 22 

aphOx3!2D 20 

aphOx31E 20 



3.2x0.1 x. 1 0- 7 

1.5x0.6 x 10-« 

2.6k0.7x 10-» 
1.5*0.4 x I CM 
1.0x0.2 x i(H 
6.0k 1.1 x 10- 9 
1.1x0.4 x 10-9 



4.3x0.6 x 10-»* 

1.7x0.4 x 10- 2 

7.3x0.8 x 10-s 
5.8x0.6 x 10- 3 
2.5x0.2 x 10-3 
3.5x0.6 x 10- 3 
3.8x0.5 x 10- 3 



1.3 x 10 tt 

1.1 X 10 6 

2.8X10 3 
3.9 x 10* 
2.5 x 10* 
5.8 x 10* 
3.5 x 10* 



* Measured by fluorescence quench titration. fMeasured by surface plasmon resonance in BLAcore (Pharmacia). 
§Calculated from ^nUL* 
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Before selection 0/94 clones bound to phOx whereas 
after 3 and 4 rounds of selection, 38/94 and 51/94 clones 
bound to phOx. Supematants from all 90 clones were 
screened by SPR for dissociation from phOx-BSA. All 90 
clones had slower off-rates than aphOxB2. These clones 
were grouped according to off-rate and BstNI restriction 
pattern and eight clones were sequenced (Fig. 1) reveal- 
ing 5 unique sequences. Ail 5 were derived from the same 
germline VH-gene (VH380.6, ref. 1) as aphOx-15 and 
aphOxB2 but had an additional 5 to 12 residue changes 
(Fig. 1 and Table 1). Residue 35 was changed from serine 
to threonine in all 5 mutants. 

The affinities of three of the mutants were shown by 
fluorescence quench titration to be greater than 
a phOxB2 (Table 1). The affinities ranged from 2.6 x \Q-« 
M to 1.1 x 10- 9 M (12 to 320-fold higher than aphOx-15 
and 0.6 to 15-fold higher than aphOxB2). All five 
mutants had slower off-rates than aphOx-15 or 
a phOxB2. The highest affinity antibody, a pnOx31E, had 
a faster on-rate than aphOx-15 or aphOxB2. 

DISCUSSION 

Previously, we used phage display and the Vgenes 
from unimmunized donors to make antibody fragments 
against both small (hapten) and large (protein) antigens 
with affinities typical of the primary immune response 
While the approach is potentially useful for making ther- 
apeudc human antibodies, we need to find ways of 
increasing the antibody affinities. Here we have shown 
that this can be accomplished by chain shuffling. We 
diversified the structure of an antibody by first shuffling 
light chains, then heavy chains, while retaining the third 
hypervariable loop of the heavy chain. Much of the 
sequence and structural variation of antigen binding 
sites is encoded by this loop which is located at the center 
of the antigen binding site- 5 . By retaining it, while shuf- 
fling the other loops, we aimed to diversify the structure 
without disrupting the key features of die antigen bind- 
ing site 

We chose the hapten phOx for our model experi- 
ments, as the immune response and affinity and kinetic 
maturation is well studied 25 -'". The affinities of aphOxB2, 
from the light chain shuffled library, and the 5 mutants 
from the heavy chain shuffled library are comparable to 
that of mouse hybridomas from the secondary or tertiary 
immune response to the same hapten- 6 (Fig. 2). Indeed, 
of anu phOx hybridomas from the mouse secondary or 
tertiary response, only 2 of 24 had a higher affinity than 
aphOxSlE (ref. 26). 

The improvement in affinity results almost exclusively 
from a slower off-rate Somatic hypermutation of the 
Vgenes used in the murine primary immune response 
to phOx also improves affinity mainly by slowing the 
off-rate 26 . The results suggest that our washing and bind- 
ing conditions favor the selection of phages with slower 
off-rates rather than faster on-rates in contrast to the 
suggestion of Garrard et. al. 29 . As we build antibodies 
with higher and higher affinities, it becomes increasingly 
likely that the best binders will remain attached to die 
solid phase, necessitating more vigorous elution 
conditions. 

In vivo, affinity maturation occurs by random mutation 
of the original heavy and light chain pairings and by the 
appearance of new heavy and/or light chain pairings 
(repertoire shift) 27 - 28 . We can. simultaneously mimic 
aspects of both processes in vitro by tapping the natural 
pool of diverse unmutated and mutated heavy and light 
chains via chain shuffling. Using V-genes derived from an 
immunized mouse, we had previously shown that new 
partners could arise from different Vgene families 2 . In 
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FIGURE 2 Comparison of affinities of anti phOx antibodies 
from hybridomas and from phage antibodies. Affinity con- 
stants (Ka) for anti-phOx hybridomas from primary, secondary 
and tertiary responses from immunized mice (data taken from 
ref. 26) are compared with data (Table 1) for phage antibodies 
from naive phage library (primary), light chain shuffled (sec- 
ondary) and heavy chain shuffled (tertiary) libraries. 



the present study, both the light chains and heavy chains 
are derived from the same germline gene and the anti- 
bodies differ only by point mutations. Nevertheless the 
repertoire of mutants should differ from those generated 
by random mutation of the aphOx-15 antibody in two 
respects. Firstly, the V-genes encoding the shuffled chains 
have been selected from the mRNA of B-lymphocytes 
and are more likely to be functional. In contrast, in vitro 
random mutagenesis, for example using an error prone 
polymerase 19 , is likely to result in many mutants that 
would compromise chain folding, particularly if multiple 
mutations were introduced into the same gene Secondly, 
with in vitro mutagenesis mutations are introduced 
directly into o/phOx-15 whereas with chain swapping, 
mutations are introduced into the corresponding 
germline genes. This could allow any deleterious muta- 
tions in aphOx-15 to be replaced more readily. 

A shuffling strategy may be applicable to protein anti- 
gens as well as haptens. Although there are a larger 
number of contacts between protein and antibody, and 
the chances of disrupting multiple favorable contacts by 
shuffling is greater, this may be compensated by the loss 
of multiple unfavorable contacts. 

One advantage, of building an artificial immune sys- 
tem is that by allowing heavy chains to sample other tight 
chains, and vice-versa we employ a strategy that is not 
open to the immune system. Thus shuffling enlarges the 
repertoire size, enhancing the chances of finding higher 
affinity antibodies 30 , and in principle allowing chains 
with deleterious mutations 51 to be replaced by others. 
Shuffling chains and hypervariable loops appears to be a 
powerful way of diversifying antibody structure, and the 
pool of rearranged V-genes from unimmunized donors 
provides a rich source of geneti4 diversity. 

EXPERIMENTAL PROTOCOL 

Construction of a reshuffled light chain library. A scFv 
library was assembled 2 from the VH gene of aphOx-15 and a VX 
and Vk repertoire 1 using PCR. To avoid contamination with the 
original light chain, the VH gene of cmhOx-15 was subcloned 
into the vector pJM-1 (ref. 2), amplified by PCR using primers 
HuVHlaBACK and HUJH6FOR 1 , purified on a 2% (w/v) 
agarose gel and isolated from the gel using Geneciean (Bio- 
101). Reshuffled scfv repertoires were PCR assembled 1 from 
the phOx-15VH DNA, linker DNA and the same human VX and 
Vk gene repertoires used to construct the primary library from 
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which aphOx*15 was isolated'. The repertoires were digested 
with Ncol and Nod, purified on a 1.5% (w/v) agarose gel, 
electroeluted 3 *, precipitated with ethanol and ligated into the 
vector pHEN-1 (ref. 21) digested with Ncol and Nod. The liga- 
tion mix was used to transform electrocompetent' 3 £. coli TGI 
(ref. 34). Cells were grown for 1 hour in t mlof SOO' 2 and then 
plated on TYP 5 medium with 100 p%imi ampicillin 1% 
(w/v) glucose. Colonies were scraped off the plates into 5 ml of 
2 x TY 3 * broth containing 100 /xg/ml ampicillin, 1% (w/v) 
glucose and 15% glycerol. 

Construction of a reshuffled heavy chain library. A scFv 
library was prepared containing the VH CDR3 and VX of 
aphOxB2 and a repertoire of human VH1 genes. To eliminate 
potential contamination with the original heavy chain, the 
human VH1 pseudogene DP-22 (ref. 36) was amplified using 
PCR from an M13 template using the primers HuVHlBACK- 
SFI (ref. 1) and HuVHlFR3FOR (5'.GGC CGT G/CTC AGA TCT 
CAG-3'), digested with Ncol and Bglll, gel purified and ligated 
into the vector pHEN-lphOx£2 digested with Ncol and Bglll. 
The resulting vector, pHEN-t ¥VHB2, contained the DP-22 
VH1 pseudogene and the VH CDR3 and VX of aphOxB2. To 
prepare a repertoire of human VH1 genes, human PBL RNA 
was primed in separate reactions with HulgGl-4CHlFOR and 
HulgMFOR and 1st strand cDNA synthesized 1 . The first strand 
cDNA was used as a template for PCR amplification as previ- 
ously described 1 using the primers HuVHlaBACK and 
HuVHIFR3FOR. Restriction sites were appended to the reper- 
toires by reamplification using the primers HuVHIBACKSFI 
and HuVHlFR3FOR. The VH1 repertoires were digested with 
Ncol and Bglll, purified on a 1.5% (w/v) agarose gel, electroelu- 
ted, precipitated with ethanol and ligated into the vector 
pHEN-l-*VHB2 digested with Ncol and Bglll. The ligation 
mix was used to transform e tec trocompe tent £ coli TGI. Cells 
were grown for 1 hour in 1 ml of SOC and then plated on TYE 
medium with 100 /xg/mi ampicillin and 1 % (w/v) glucose. Colo- 
nies were scraped off the plates into 5 ml of 2 x TY broth 
containing 100 /xg/mi ampicillin, 1% (w/v) glucose and 15% 
^glycerol. 

Selection of reshuffled libraries. To rescue phagemid parti- 
cles, 50 ml of 2 * TY containing 100 ug/mi ampicillin and 1 % 
(w/v) glucose (2 x TY AMPGLU) were inoculated with 10 y 
bacterial ceils from the library glycerol stock, grown with shak- 
ing at 37° C to an A™' of 0.9 and then 5 ml added to 50 ml of 2 x 
TY AMP GLU prewarmed to 37°C. 2 x 10"' plaque forming 
units of VCS-M13 (Stratagene) were added and the mixture 
incubated at 37° C without shaking for 1 hour. The mixture was 
then added to 500 ml of 2 x TY broth containing 100 ug 
ampicillin/ml and 25 fig kanamycin/mi and grown overnight at 
37°C with shaking. Phage particles were purified and concen- 
trated as previously described 1 . Two rounds (reshuffled light 
chain library) or four rounds (reshuffled heavy chain library) of 
enrichment for phOx binding phage were performed in phOx- 
BSA coated immunotubes (Nunc) (10 Mg/mi of 14ox/BSA for 
selection of the reshuffled light chain library. and 10 firiml of 
lox/BSA for selection of the reshuffled heavy chain library). 
After each round of enrichment, E. coli TGI were reinfected 
with eiuted phage and rescued to provide phage for the next 
round of panning. For soluble scFv expression, eiuted phage 
was used to infect £. coli HB2151 (ref. 37), ' 

Initial characterization of binders with new light chains. 
Soluble scFv was induced 38 from 94 colonies from each round 
of selection and analyzed for binding to phOx by ELISA 1 . 
Twelve clones with ELISA signals stronger than aphOx-15 were 
sequenced 39 revealing 8 unique clones. The relative affinities of 
these 8 clones were determined by inhibition ELISAs. For inhi- 
bition ELISAs 22 , microliter wells were coated overnight with 
100 jig/ml phOx-BSA in PBS and blocked for 2 hours at 37°C 
with 2% milk powder in PBS. Dilutions of scFv previously 
determined to T result in significant reduction of FT Is A values 
after two- fold dilution were mixed with phOx (10- 3 -10- 7 M) in 
the wells and incubated for 1.5 hours at RT. Bound soluble scFv 
was detected by ELISA 1 . The concentration of phOx resulting 
in a 50% reduction in ELISA signal was calculated for each 
mutant and compared to that obtained for aphOxl5 to deter- 
mine the relative affinity. Relative affinities, but not the I w 
value (6.0-400 /*M), correlated with affinities measured by fluo- 
rescence quench (Fig. 1 and Table I). Affinities and off-rates of 
the clone with the highest relative affinity (aphOxB2) as well as 
aphOx-15 were determined as described below. 

Initial characterization of binders with new heavy chains. 
Soluble scFv was induced 3 " from 94 colonies from each round 
of selection and analyzed for binding to phOx bv ELISA'. The 



off- rates of soluble scFv from all ninety positive clones front She 
third and fourth round of selection were determined 
BIAcore (see below) and the clones then grouped according tof 
off- rate and BstNI fingerprint'. Eight representative clones 
were sequenced- 19 revealing 5 unique clones. Affinities and off. 
rates of these 5 clones were determined as described below. 

Affinity measurements. Two liter cultures of E. coli HB215I 
harboring the appropriate phagemid were induced 38 and the 
soluble scFv affinity purified 2 from the supernatant using the 
C terminal peptide tag 4 ". For affinity determinations, fluores- 
cence quench titration with the hapten 4-7-amino- butyric acid 
methylene 2-phenyl-oxazol-5-one (phOx-CABA) was performed 
as described- 6 . The affinity of aphOx-15 was determined 2 **! 
using a regime of hapten excess as described previously 1 . Data 
were averaged from 3 runs. For determination of the affinity of 
aphOx£2 and the 5 mutants from the shuffled heavy chain 
library, 100 ntM scFv (a concentration ten times the preliminary 
estimate of the dissociation constant) was titrated with hapten 
and the fluorescence determined 1 min after each addition 26 . 
Excitation was at 280 nm and emission was monitored at 340* 
nm. Data were averaged from 3 to 5 runs. k fl(T was measured by 
real-time biospecific interaction analysis based on surface plas- 
mon resonance (BIAcore, Pharmacia Biosensor AB) 23 - 24 . Affin- 
ity purified scFv proteins were fractionated on a calibrated 
FPLC Superdex 75 column (Pharmacia) to eliminate aggre- 
gates and the monomeric fraction then used for kinetic mea- 
surements. In a BIAcore flow cell, 1300 resonance units (RU) of 
100 /ig/ml phOx modified BSA (14 phOxyBSA) in 10 mM acetate 
buffer pH 4.0 was coupled to a CMS sensor chip 42 . In another 
flow cell, the sensor chip was activated without phOx-BSA as a 
control. Adsorption ana dissociation of aphOxl5 (0.4 jiM-2.3 
/iM) and the other scFvs (80 nM-400 nM) in PBS, 0.2 mM EDTA 
were measured under a constant flow of 6 /il/min. k otT was 
determined for aphOxB2 and the heavy chain shuffled 
mutants from the dissociation part of the sensorgram and for 
otphOxl5 from the association part of the sensorgram- 41 ' (neces- 
sitated by its rapid k o(T ). 
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These data suggest that PntP2 may be a direct target for Rl/ 
MAP kinase, as has been shown for ETS proteins in 
vertebrates 9 * 18 . Indeed, the P2 protein contains a single MAP 
kinase phosphorylation site (PLTP) motif in the Pointed domain 
corresponding to the consensus for MAP kinase 
phosphorylation 19 and can be phosphorylated by Rl/MAP kin- 
ase in vitro (Fig. 3a t lane 2). Phosphorylation is dependent on 
this single site because a mutant protein (PntP2 TI3 ) in which 
the threonine in the PLTP motif has been replaced by an alanine 
cannot be phosphorylated in vitro (Fig. 3a, lane 4). To test 
whether this mutation affects the function of PntP2 in vivo, we 
generated transgenic lines expressing the mutant transgene under 
the control of the sev enhancer {sE-pnt TtstA ). Not only is this 
construct unable to rescue the pnt phenotype, rather it enhances 
the mutant phenotype (Fig. 2g). Even in a wild-type background 
the mutant protein prevents neural development of the R7 pre- 
cursor (Fig. 10 which results in the absence of R7 cells in the 
adult (Fig. 2/r). This suggests that the mutant protein competes 
directly or indirectly with the wild-type protein. Similar to 
Pnt TI5 , a mutant form of vertrebrate EIk-1 in which multiple 
MAP kinase phosphorylation sites have been deleted prevents 
serum response element-dependent transcription in a dominant- 
negative fashion 9 . 

Loss-of-function mutations in yan, which encodes another 
ETS domain protein, result in the recruitment of many R 7 cells 
even in the absence of sev function' 1 (Fig. 2i). In yan, pnt double 
mutants most of the ommatidia lack R7 and some outer photo- 
receptors (Fig. 2k), suggesting that the development of R7 cells 
in the absence of yan function depends on pntP2 function. 
Although overexpression of pntP2 under the control of the sev 
enhancer is not sufficient to transform cone cells into R7 ceils 
in the wild type (Fig. 2/), many R7 cells form in a heterozygous 
yan background (Fig. 2m). These observations suggest that the 
mechanisms controlling R7 determination are sensitive to 
changes in the relative amounts of PntP2 as well as of Yan. 
The Yan protein contains 10 consensus sites for MAP kinase 
phosphorylation 19 and, like PntP2, can be phosphorylated by 
MAP kinase in vitro (Fig. 3a, lane 6). 

Our data thus suggest a model in which MAP kinase activity 
induces neuronal differentiation by simultaneously inhibiting the 
Yan repressor and stimulating the PntP2 activator (Fig. 36). 
The fact that both proteins contain an ETS DNA-binding 
domain known to recognize conserved target sequences 20 raises 
the possibility that these two proteins compete directly 
for binding sites present in the regulatory regions of target 
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DNA shuffling fis a method for in vitro homologous recombina- 
tion of pools of selected mutant genes by random fragmentation 
and polymerase chain reaction (PGR) reassembly 1 . Computer 
simulations called genetic algorithms 3 " -1 have demonstrated the 
importance of iterative homologous recombination for sequence 
evolution. . Oligonucleotide cassette mutagenesis 5 " 11 and error- 
prone PCR 12, are not combinational and thus are limited in 
searching sequence space 1 * 14 . We have tested mutagenic ON A 
shuffling for molecular evolution 14 " 18 in a p-lactamase model 
system 9 * 19 . Three cycles of shuffling and two cycles of backcrossing 
with wiM-rype DNA, to eliminate Eon-essential mutations, were - 
each followed by selection on increasing concentrations of the anti- 
biotic cefotaxime. We report here that selected mutants had a 
minimum inhibitory concentration of 640 ug ml" 1 , a 32,000-fold 
increase and 64-fold greater than any published TEM-1 derived 
enzyme. Cassette mutagenesis and error-prone PCJR resulted in 
only a 16-fold increase 9 . 

The poorly hydrolysed antibiotic cefotaxime has a minimum 
inhibitory concentration (MIC) of only 0.02 jig ml -1 for Escher- 
ichia coli containing the TEM-I ^-lactamase expressed from the 
vector pl82Sfi. The TEM-I gene was digested into random frag- 
ments with DNase I. These small fragments were reassembled 
into full-length sequences using a PCR-Hke process and the 
shuffled sequences reinserted into the vector 1 (Fig. 1). Recombi- 
nation is caused by the incorporation of a fragment derived from 
one sequence into another, based on homology. In addition, this 
method produces a point mutagenesis rate of 0.7%, similar to 
error-prone PCR 1,13 . This process was repeated for three rounds, 
and after each round, mutants with improved resistance were 
selected by plating on increasing levels of cefotaxime. Several 
hundred colonies from the highest levels of cefotaxime were used 
as the PCR template for the next round (Fig. 2). Colonies from 
rounds 1, 2 and 3 were obtained at 0.32-0.64 ug ml" 1 , 5- 
10 ug ml -1 and 40-80 ugmr 1 , respectively. Some colonies from 
round 3 had a MIC of 320 fag ml" 1 . Because cefotaxime resist- 
ance is cell-density-dependent, the MIC was standardized to 
1 ,000 cells per plate (24 h, 37 °C). At higher cell density, colonies 
grew at up to 1,280 ugmP 1 . A ^-lactamase gene (ST-1) of a 
selected colony contained nine base substitutions, including four 
silent mutations (Fig. 2). 

We attempted to remove ail non-essential mutations by 
backcrossing . ST- 1 was shuffled for two rounds in the presence 
of a 40-fold excess of wild-type DNA fragments (Fig. 2). Small 
DNA fragments (30-100 bp) were used to increase the efficiency 
of the backcross. A new ^-lactamase gene (ST-2), obtained at 
1,280 >ig ml"\ had a MIC of 640 ug ml"'. As expected, all four 
silent mutations had reverted to wild-type sequence. Mutation 
g4205a, located between the —35 and -10 sites of the ^-lactam- 
ase P3 promoter, was retained. Sodium dodecyl sulphate- 
polyacrylamide gel electrophoresis (SDS-PAGE) analysis of 
peripiasmic extracts showed that ST-1 and ST-2 express 2-3- 
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FIG. 1 DNA shuffling of the TEM-1 /lactamase 
followed by selection for cefotaxime resistance. 
A single round of shuffling consists of amplifying 
the ^-lactamase gene by PCR. cutting the PCR 
product into random fragments with ONase I, gel 
purification of small fragments, reassembly of the 
fragments in a PCR-like reaction without primers, 
amplification of the reassembled product by 
standard PCR, followed by cloning into the vector 
and selection on cefotaxime. 
METHODS. pl82Sfi contains the TEM-1 ^-lacta- 
mase flanked by Sffl restriction sites. The Sffl 
sites were added 5' of the promoter and 3' of 
the end of the gene by PCR of the vector with 
the primers TTCTATTGACGGCCTGTCAGGCCTCAT- ATATACTTTA- 
GATTGATTT and TTGACGCAC TGGCC ATGG TGGCC AAAAATAAACAAAT- 
AGGGGTTCCGCGCACATTT, and by PCR of ^-lactamase gene with two 
other primers listed below. The substrate for the shuffling reaction was 
dsDNA of 0.9 kb obtained by PCR of pl82Sfi with the primers AACTGAO 
CACGGCCTGACAGGCCGGTCTGACAGTTACCAATGCTT and AACCTG- 
TCCTGGCCACCATGGCCTAAATACATTCAAATATGTAT. In rounds 2 artd 3 a 
mixture of >10O cefotaxime' colonies was used as the template for the 
PCR. Colony PCR programme: 10 ul of cells in LB broth. 10 min, 99 °C, 
35 x (94 °C. 30 s; 52 °C, 30 s; 72 °C, 30 s), 5 min, 72 °C. The removal 
of free primers from the PCR product by Wizard PCR prep (Promega, 
Madison, Wi) was found to be very important Afew ug of the DNA 



TABLE 1 Characterization of cefotaxime resistance of different 
combinations of mutations 



Name Genotype 

TEM-1 Wild-type 

— E104K 

— G238S 
TEM-15 E104K/G238S* 
TEM-3 E104K/G238S/Q39K 

ST-4 E104K/G238S/M182T 0 

ST-1 E104K/G238S/M182T/ 
A18V/t3959a/g3713a/ 
g3934a/a3689g* 

ST-2 E104K/G238S/M182T/ 
A42G/G92S/R241H/ 
t3842c/a3767g* 

ST-3 E104K/6238S/M182T/ 
A420/G92S/R241H* 



Clone into 

wild-type Shu tiled 
pL'CIJOSfi Miwure of 






Source 


MIC 


Of MIC 


0.02 


This study 


0.08 


Ref. 9 


0.16 


Ref. 9 


10 


This study 


10* 


This study 


2-32 


Refs 19, 20 


10 


This study 


320 


This study 


640 


This study 


640 


This study 



Q39K 

g4205a A1SV A42G 



M182T 



The base numbers (small letters) correspond to the revised pBR322 
sequence 24 , and the amino-acid numbers (capitals) correspond to the 
ABL standard numbering scheme 25 . Specific combinations of mutations 
were introduced into the wild-type pl82Sfi by PCR. using two oligo- 
nucleotides per mutation. The separate PCR fragments were gel purified 
and combined by overlap PCR using 10 ng of each fragment PCR was 
done for 25 cycles without outside primers, followed by 25 cycles in 
the presence of the Sffl-containing outside primers. The oligonucleotides 
for mutation A42G were AGTTGGGTGQACGAGTGGGTTACATCGAACT and 
AACXX^CTCGTCCACCCAACTGATCTTCAGCAT, for Q39K AGTAAAAGAT- 
GCTGAAGATAAGTTGGGTGCACGAGTGGGTT and ACTTATCTTCAG CATC- 
T7TTACTT, for G92S AAGAG CAACTCAGTCGCCGCATACACTATTCT and AT- 
GCGGCGACTGAGTTGCTCTTGCCCGGCGTCAAT, for E104K TATTCTCAG- 
AATGACTTGGTTAAGTACTCACCAGTCACAGAA and TTAACCAAGTCATTCT- 
GAGAAT, for M182T AACGACGAGCGTGACACCACGACGCCT GTAG CAAT- 
GGCAA and TCGTGGTGTCACGCTCGTCGTT. for G238 alone 
TTGCTGATAAATCTGGAGCCAGTGAGCGTGGGTCTCGCGGTA and TGGCT- 
CCAGATTTATCAGCAAT, for G238S and R231H (combined) ATGCTCA- 
CTGGCTCCAGATTTATCAGCAAT and TCTGGAGCCAGTGAGCATGGGTCTO 
GCGGTATCATT, for g4205a AACCTGTC CTGGCC ACCATGGCCTAAATACAA- 
TCAAATATGTATCCGCTTATGAGACAATAACCCTGATA. 

'All these mutants additionally contain the g4205a promoter 
mutation. 



substrate was digested with 0.15 units of DNase I (Sigma) in 100 jal 
50 mM Tris-HCI pH 7.4, 1 mM MgCb . for 10 min at room temperature. 
Fragments of 100-300 bp were purified from a 2% low melting point 
agarose gel and resuspended in PCR mix (0.2 mM each dNTP, 2.2 mM 
MgCI 2 . 50 mM KCl, 10 mM Tris-HCI pH 9.0, 0.1% Triton X-100) at 10- 
30 ng pi" 1 . No primers were added at this point A PCR programme of 
94 °C, 1 min, 40x (94 °C, 30 s; 50-55 °C, 30 s; 72 °C, 30 s), was used 
in an MJ Research PTC-150 (Watertown, MA) thermocycler. After 40- 
fold dilution of the minus primer product into PCR mix with 0.8 jiM of 
each primer and 15-20 additional cycles of PCR (94 °C, 30 s; 50 °G 
30 s; 72 °C, 45 s), reproducibty a single product of 900 bp is obtained. 



fold more ^-lactamase than the wild-type plasmid (data not 
shown). ST-2 contained three of the four amino-acid mutations 
of ST-1 (E104K, M182T and G238S), as well as three new 
amino-acid mutations (c3441t resulting in R241H, c3886t result- 
ing in G92S, and g4035c resulting in A42G) and two new silent 
mutations (t3842c and a3767g). 

For comparison with published data, several combinations of 
mutations were constructed into the wild-type pl82Sfi vector 
(Table 1). All contained the g4205a promoter mutation, and 
were confirmed by partial sequencing. The known clinical TEM- 
1 -derivatives (TEM-1 -1 9) all contain up to four of a set of eight 
dispersed mutations' 9-21 . Because the maximum MIC obtained 
by cassette mutagenesis was only 0.64 ug mi"' (ref. 9), high 
resistance apparently cannot be obtained by mutagenesis of one 
area. Mutations E104K or G238S are present in published cef- 
otaxime-resistant TEM-1 derivatives (TEM-3, 4, 6, 8, 9, 14- 
19), and were obtained separately by cassette mutagenesis, with 
MICs of only 0.08 and 0. 16 ug ml"" 1 (ref. 9). In contrast, a combi- 
natorial mutagenesis approach might have yielded the double 
mutant (TEM-15 ; ref. 19) with a MIC of 10 ug ml -1 . These two 
mutations thus appear to be synergistic. E104K and G238S in 
combination with Q39K (TEM-3) or T263M (TEM-4) have 
reported MICs of 2-32 ugmr 1 (refs 19, 21), whereas a TEM-3 
like construct in our vector had a MIC of 10 ugmr 1 . A, con- 
struct containing the three amino-acid changes that were conser- 
ved after the backcross (E104K, M182T, G238S) also had a MIC 
of 10 ugmr 1 . With or without the silent mutations, constructs 
containing all of the six amino-acid changes of ST-2 introduced 
into the wild-type gene yielded colonies with the same MIC as 
ST-2 (640 ugmr 1 ). Thus, the six amino-acid mutations (plus 
the promoter mutation) conferred the high-resistance 
phenotype. 

A control experiment using error-prone PCR but no shuffling 
resulted in a MIC of only 0.32 ug ml" 1 after three selection 
cycles. 

A useful approach may be to shuffle many related, naturally 
occurring genes, such as antibodies 22 * 23 or homologous genes 
from different species. The diversity present in such a mixture 
may be more meaningful than random mutations. □ 

Received 16 February: accepted 21 June 1994. 
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FIG. 2 Three successive rounds of DNA shuffling 
were done and the cells were grown on increas- 
ing cefotaxime levels. The MIC of cefotaxime 
(Sigma) for £. co// XU-blue (Stratagene. San 
Diego) carrying wild-type pl82Sfi is 0.02 pg ml" 1 . 
A mutant with a 16,000-fold increased resist- 
ance to cefotaxime was obtained (MIC» 
320 jig mf 1 ). This mutant was backcrossed 
twice, by shuffling with a 40-fold excess of wild- 
type DNA. The backcrossed mutant was 32,000- 
fold more resistant than the wild type (MIC = 640 jig ml" 1 ). After selec- 
tion, the plasmid of selected clones was transferred back into wild-type 
XL-1 blue cells to ensure that none of the measured drug resistance 
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was due to chromosomal mutations. DNA sequencing showed that both 
mutants had 9 single-base-pair mutations. 
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; Parthenogenetic activation 
| of oocytes in 
c-mos-deficient mice 

Naohlro Hashimoto, Nobumoto Watanabe, 

Yasuhlde Funita, Hlroyufcl Tamemoto, 

Noriyulkl Sagata, Minesuke Yokoyama, 

KenJI Okazakl, Marffko Nagayosfit, 

Naokl Takeda, YoJI Ikawa & Shlnlchl Alzawa 

TVa/are 370, 68-71 (1994) 

J Figure 3b and c of this Letter was an early version that should 
! not have been published. The correct version of this figure is 
1 shown here. □ 
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Degradation of trifluoroacetate 
in oxic and anoxic sediments 

Plater T. Vteacher, Charles W. Culbertson 
ft Ronald S. Oromland 

Nature 369, 729-731 (1994) 

In the last sentence of the opening paragraph of this Letter, an 
error was introduced during editing in which fluoroform was 
referred to as a "potential ozone-depleting compound.*' In fact, 
fluoroform as well as other HFCs were recently shown by 
Ravishankara et at. 1 to have "negligibly small" ozone 
depletion potentials. □ 



1. Ravishankara, A. R. ef at. Science 288, 71-75 (1994). 



Miller-Dleker lissencephaly 
gene encodes a subunit of 
brain platelet-activating 
factor acetylhydrolase 

MKsuhani Hattorl, HIdekl Adacfil, 

Masafuml TsuJImoto, Hlroyukl Aral & KeJzo Inoue 

Nature 370, 216-218 (1994) 

The word 'acetylhydrolase' was accidentally omitted from the 
end of the title of this paper. The correct title should read 
"Miller-Dieker lissencephaly gene encodes a subunit of brain 
platelet-activating factor acetylhydrolase". □ 
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Introduction 

The results that I will describe here concern the structure and 
I rearrangement of the genes coding for antibodies in man. A 
' great deal of work was conducted in several laboratories on the 
analogous genes of mouse. I shall make no attempt to review 
this work. The human antibody gene system was chosen for 
| study largely because of the existence of a wide range of defined, 
clinical disorders of the immune system, which include the 
! immunodeficiency diseases (e.g. agammaglobulinaemia) and the 
leukaemias [frequently tumours of immunoglobulin (Ig) produc- 
ing cells]. In the preparation and analysis of molecular probes 
[ for the immunoglobulin genes, we have gained some knowledge 
I of the arrangement and rearrangement of these genes in man 
and it is clear that the human antibody genes represent a fluid 
j system which employs a number of highly developed DNA 
rearrangement procedures in their activation. 
The antibody proteins are made up from two types of 
I polypeptide chain, the heavy (H) and light (L) chains. Each 
j polypeptide itself has. an JV-terminaL variable (V) region and a 
I C-terminal constant (C) region. The V-region of the heavy (V H ) 
and light (V L ) chains together make the antibody combining site 
' capable of specific antigen recognition (defined by the amino- 
acid sequence of V-regions). The C-region, particularly that of 
the H-chain (C H ), performs more constant functions such as 
complement fixation. It is the C H -region which defines the 
antibody class; there are five classes of C H -sequence called 6, 
y, e or a (giving IgM, IgD t IgG, IgE and IgA respectively). The 
C H -region sequence is invariant in each class except y and a 
I where amino-acid differences define y p ft, y 3 or y 4 and a, 
I or (giving IgG I, 2, 3 or 4 and IgA 1 or 2 respectively). Any of 
I the H-chain classes or subclasses can associate with either of the 
I two types of L-chain, k- or A-chains (again defined by their 
] respective amino-acid sequences). 

; During the development of a lymphocyte the first gene to be 

expressed is p followed by L-chain induction resulting in the 
| formation of surface IgM (Cooper et aL 1976; Knapp et al 

1973; Pernis et al, 1976). A B-iymphocyte clone can 
I subsequently initiate IgD production, in addition to the IgM it 
I already makes; the two heavy chains involved here (i.e. p and 8) 
I express the same V H -segment A subsequent event occurs, the 
| H-chain class switch, which results in the expression of IgG, IgA 

or IgE in place of IgM and IgD but maintaining the same 
I antibody combining site (Sledge et aL 1976; Wang et aL 1970). 

These various events involve a complex set of chromosomal 
I DNA rearrangements. Basically in the germ-line the antibody 

genes are in pieces and the fully active gene is created, within the 
S B-cells, by these rearrangements. 

' Chromosomal mapping of the human Ig genes and association 
I to sites of translocation in malignant lymphoid cells 
I The chromosomal assignments of the H- and L-chain genes 
I have been made by a variety of methods and the results of our 
I studies and those of other laboratories are summarized in Table 
I I. We showed that V H - and C H -genes both reside in chromo- 
some 14 by using Southern filter hybridization techniques 
1 (Southern. 1975) to analyse the presence, of H-chain genes in 
mouse x human somatic cell hybrids which have a defined but 
incomplete human karyotype (Hobart et aL 1981). Fig. I is a 
diagram of this analysis in which positively hybridizing clones 



The Nineteenth Colworth Medal Lecture 

Delivered on 23 September 1982 at the Univer- 
sity of Aberdeen 




Dr. T. H. RABBITTS 



were scored and the data clearly show that the H-chairrgenes 
occur on chromosome 14. 

In accord with the work of Erikson et aL (198 1) showing that 
chromosome 22 carries the A light chain locus, a clone library 
had been prepared from chromosome 22 which had been 



Table 1. Chromosomal mapping of human immunoglobulin 
genes 

Assigned 

Gene locus chromosome Reference 
/cchain 2 Malcolm et aL. 1982 

McBride^a/.. 1982 
x-chain 22 Erikson et aL 1981 

McBridee/a/.. 1982 
Rabbits etaL 1982 
H-chain 14 Croce et aL 1 979 

Hobart etaL 1981 
ICirsch etaL, 1982 
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Human C H and V H genes on chromosome 1 4 

Fig. 1. Chromosomal localization of human heavy chain genes 



fractionated in the fluorescence activated cell sorter (Krumlauf 
et a/., 1982) and this library was used to isolate both V x and C x 
genes (T. H. Rabbitts, F. T. Kao & B. Young, unpublished work); 
the proof of concordance between these A-genes and the long 
arm of chromosome 22 was made by showing a selective loss of 
the relevant genes in cell-hybrids with progressive deletions of 
the long arm of chromosome 22 (T. H. Rabbitts, F. T. Kao & 
B. Young, unpublished work). 

A completely dhTerent approach was used to localize the 
K-chain genes to chromosome 2. This was the method of in situ 
hybridization using cloned V K probes (Malcolm et al 1982). The 
hybridization of two independent genomic V B clones to 
metaphase spreads of phytohaemagglutinin-stimulated T- 
lymphocytes or to fibroblast cultures showed a specific 
localization of grains to chromosome 2. The specificity of such 
hybridization can be shown in a variety of ways but one in 
which the gene localization is more clearly established is to study 
the hybridization to cells carrying balanced reciprocal trans- 
locations. Fig. 2 shows the results of V^-probe hybridization to 
a cell carrying a 2; 16 translocation (46XXt(2;16)(ql3;q22)]. 
The specific hybridization signal was observed on the- normal 
chromosome 2 and in the 2/16 chromosome, whilst no signal 
could be seen in association with either 16/2 or the normal 16 
chromosome. The hybridization to chromosome 2/16 further 
helps to localize the./c-genes within either the short arm or the 
section of the long arm between ql3 and the centromere of 
chromosome 2. In fact an analysis of the grain distribution over 
all the normal chromosomes 2 in 106 karyotypes enabled us to 
localize the hybridization to the short arm near the 
centromere (2pl2). 

The localization of the three immunoglobulin genes to the 
three separate autosomes 2 (*), 14 (H) and 22 (X) has some 
significant implications for some specific chromosome tran- 
slocations identified in the malignant lymphoid tumours, 
Burkitt lymphoma and chronic myeloid leukaemia. Many 
Burkitt lymphoma cells show a specific 8; 14 translocation 
(Klein, 1981) whilst other variant cells show either 2:8 or 8:22 
translocations (Bernheim et a!., 1981). Furthermore, greater 
than 90% of chronic myeloid leukaemia patients possess Ph' 
positive cells which seem to be reciprocal translocation of 
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2. In situ hybridization of[ 3 H]cRNA, made on the HK101 
gene, to translocated (2;16) chromosomes 

The number of grains observed over all chromosomes from 22 
karyotyped cells hybridized to HKlOl is shown. The expected 
value for grains is calculated by dividing total grains counted by 
the relative chromosome size. 



chromosomes 22 and 9 (Rowley, 1982). It is interesting that 
in Burkitt lymphoma each of the Ig gene-containing 
chromosomes can be involved in a specific translocation of 
apparendy the same segment of chromosome 8 and also that the 
break in the chromosome 22 of chronic myeloid leukaemia is 
related to the analogous Burkitt's lymphoma break. 

The specificity of the chromosomal translocations in these 
malignant tumours may well be coupled to the fact that the 
break points are associated in some way with the Ig genes which 
are known to be undergoing rearrangements during their 
activation. This raises two possibilities. Firstly that the trans- 
location in itself is an event which contributes to the cell trans- 
formation and secondly that Ig gene rearrangement together 
with related sequences are responsible for the occasional 
inter-chromosomal event which has such catastrophic conse- 
quences. In the remainder of this paper, the different types of 
DNA rearrangements and the associated sequences which occur 
in the human Ig locus will be discussed. 

The structure and origin of diversity of human V-genes 

The germ-line DNA contains separate V- and C -region genes 
which join in the expressing cells (Hozumi & Tonegawa, 1976; 
Rabbitts & Forster, 1978). Isolated V,- and V H -genes have a 
structure outlined in Fig. 3. Both types of V-gene have a 5' 
leader sequence interrupted at the codon -^5 by an intervening 
sequence of about 100 nucleotides (Matthyssens & Rabbitts, 
1980; Bentley & Rabbitts, 1980). The remainder of the sequence 
is uninterrupted coding region. Both genes end prematurely in 
the germ-line compared with the V-region as defined by the 
protein sequence. This excluded portion of the V-region is the 
J-region (and also D-region in H-chains) which lies adjacent to 
the C-gene (see the next section). 

The portion of the antibody which recognises antigen is the 
V-region, so that a multiplicity of different V-gene sequences are 
required. How are these sequences generated? One component 
of the diversity of V-genes is undoubtedly the presence of 
multiple V-genes in the germ-line. This can simply be demon- 
sirated by Southern filter hybridization analysis of nuclear DNA 
using V-gene probes. An example of this is shown in Fig. 4 in 
which the hybridization probe was derived from the VJ 
subgroup. Each of eight unrelated DNAs displayed about IS 
hybridization bands with evidence of some genetic poly- 
morphism. V H probes used in analogous experiments showed 
similar patterns of bands although the complexity of the 
hybridization observed was greater (Matthyssens & Rabbitts. 
1980). When the hybridization properties of probes from two 
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Fig. 3. Structure of human V-genes 

V„ and V H -genes were isolated from foetal liver DNA. p, 
Precursor or leader sequence; IVS, intervening sequence; V, 
V-segment or V-gene. 
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Southern filter hybridization patterns of V-genes from 
eight unrelated humans 

A VJ probe was hybridized with 5g/II-digested DNA from: slot 
1, 160 cell-line (Karpas et a/., 1977); slot 2, MOLT4 cell-line 
(Minowada et a/., 1972); slot 3, DAUDI cell-line (Klein et a/., 
1968); slot, 4. HeLa cells; slot 5, spleen; slot 6; placenta; s;ot 7, 
placenta; slot 8, foetal liver. 



different human \ K subgroups were compared, we found very 
little difference in the patterns of hybridization (Bentley & 
Rabbitts, 1981) indicating that we were detecting, with a given 
probe, a large proportion of the V^-gene pool. This conclusion 
has implications for the origin of V-gene diversity in man. The 
size of the V w -gene pool based on these estimates is likely to be 
of the order of 20-30 different V-genes per chromosome. If we 
assume that allelic variation is widespread we can double these 
figures (i.e. 40-60). This limited number of V B -genes indicates 
that somatic variation is a major contributor to the total V^ 



repertoire in man. The arguments supporting such a conclusion 
have been discussed (Bendey & Rabbitts, 1981) so will not be 
repeated here. 

Joining segments of the human H-chain locus 

In addition to the mutational events alluded to above there is 
a combinatorial diversity [first described for mouse /c-chains by 
the laboratories of Leder and Tonegawa (Max et a/., 1979; 
Sakano et ai, 1979)] generated by the V-gene joining which 
occurs during the active gene formation. As mentioned above, 
both V H - and V w -genes in the germ-line do not encode the full 
V-region as defined by comparative protein sequencing 
of many V -regions. This deficit is made up in part from a 
set of J H or joining segments located upstream of the C M - 
gene. We identified four J H and a pseudo (yi) J H segment about 
8000 bases upstream of the 5' end of the human //-gene. Two 
further J H -regions have been identified (Ravetch et a/., 1981). 
The sequence and arrangement of these is shown in Fig. 5 where 
the region encoding J H , C M and C a is indicated as deduced from 
two overlapping phage clones derived from human foetal liver 
DNA. The DNA which comes between the various J H segments 
(about 300 bases) and between the J H - and //-gene is intervening 
sequence which is post-transcriptionally removed. Similarly the 
//-gene, in keeping with all C H -genes in mouse and man, has 
genetic domains (reflecting the protein domains) separated by 
short intervening sequences (around 300 bases in length). The 
human //-gene, like the e-gene (Rabbitts et ai, 1981; Flanagan 
& Rabbitts, 1982a), but unlike the y-genes (Krawinkel & 
Rabbitts, 1982; Ellison & Hood, 1982; Takahashi etai, 1982), 
possesses four distinct domains and lacks a hinge segment. In 
the human y-genes, each has a single hinge segment between C F 1 
and C v 7 domains; the exception is the yj-gene which has four 
separate hinge segments lying between C y \ and C„2 (Krawinkel 
& Rabbitts, 1982; Takahashi et al, 1982). 

Whereas the V H -gene segment has codons 1-93 the J H - 
segment only carries the codons 100-1 13. This means that even 
including these segments a small piece of V-region is missing: 
this segment is the D-segment (first postulated in the mouse by 
Early et al., 1980a). Such D-segments have subsequently been 
identified in human DNA (Siebenlist et a/., 1981) making a 
complete picture of the V H -gene integration possible; this is 
diagrammatically shown in Fig. 6. One of a set of V H -segments 
joins to one [or possibly more (Kurosawa & Tonegawa, 1982)1 
D-segments followed by joining to a J H -segment. These multiple 
chromosomal rearrangements lead to the formation of the active 
C a -gene. The cells are now able to make //-chains which, of 
course, come from a transcript containing V H and C u on a single 
pre-mRNA molecule. RNA splicing subsequently removes 
transcribed intervening sequences (Rabbitts, 1978) resulting in 
the mRNA from which heavy chain protein is translated. 

The events described above indicate that a remarkable set of 
DNA rearrangement events take place which lead to the 
transcription of the active //-gene in association with the 
integrated V-gene. One of the puzzles of this gene activation is 
that in the B-lymphocyte the germ-line V-genes are not 
transcribed (Mather & Perry, 1981). This indicates a very 
powerful mechanism which selects for the integrated gene. Such 
a mechanism could be simply at the level of DNA sequence; for 
example, new sequences could be created or old ones removed 
after V-gene joining, thereby creating an active promoter. An 
alternative possibility is that all germ-line V-genes carry a 
promoter sequence (which is transported with the gene during 
integration) but that the non-integrated genes are masked from 
transcription" (e.g. by the chromatin structure). In relation to 
these possibilities, we asked whether or not germ-line V-genes 
carry a promoter sequence and the answer seems to be that they 
do (Bentley et al., 1982). We have utilized cloned V^-genes from 
human foetal liver (i.e. unintegrated, non-expressed V-genes) to 
study their ability to undergo transcription in either an in vitro 
system prepared from HeLa cells or In vivo after injection into 
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TCCCOCTCCAAOACCCGCTCTCTCGOCGGQTOCCCCCCG qGOTTTTTG^ CTCCTGGGGGTAACrTQCGG gCGTCTCt TTGCGGTTGGACTTCCCAGCCOACAGTCGTGOTCTGGCTTCT ^20 

W ■ 

gaggggtcaggXEagaatgtactgggaggccagcagagggt tccatgagaagggcaggacagggccacggacagtcagcttccatgtgacgcccggagac AGAAGGTCTCTGGGTGGACT , . 

1440 

. . rrTYYOHOtfWGOOTTVTVSS 

C fcOTTTTTGTl TGGOTOAQGArOOACATTCTOC fcATTGTCl ATTACTACTACTACTACGGTATGGACOTCTOGGOCCAAGOGACCACGGrCACCGTCTCCTCAGGTAAGAAr 1 ggQ 

J6 t 

Fig. 5. Structural arrangement of the human genome encoding J H - t u- and S-genes 

Two recombinant phage clones carrying human foetal liver DNA were isolated by their 
hybridization to a mouse// probe. Restriction mapping and nucleotide sequencing revealed 
the genomic structure shown in the top line (S = switch segment). The sequence of the 
coding regions of the J H -segments are indicated and the RNA splicing sites are arrowed. 
The boxed sequences are signals thought to be important for the process of V-D-J 
joining. 



Xenopus oocytes. We found that two randomly selected 
V^-genes were perfectly adequate templates for specific RNA 
synthesis in these systems. The transcription was found to start 
at a point approximately 30 bases downstream of a 'TATA' box 
(Corden et ai, 1980) and 20 bases upstream of the protein 
initiation codon. A third V.-pseudo-gene (which apparently 



lacks appropriate signal sequence; see later) was unable to 
support specific RNA synthesis. We conclude from these 
experiments that sequences necessary for the transcription of 
mRNA are present on germ-line V^-genes. This shows that 
DNA rearrangement as such is not a pre-requisite for V-genes to 
be capable of transcription. Taken together with the observation 
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RNA joining 

Fig. 6. Proposed events in the formation and transcription of 
the active heavy chain p-gene 




Fig. 7. Scheme for the process of switch recombination 



that long stretches upstream of integrated mouse V-genes 
appear identical with germ-line counterparts argues that other 
factors than the immediate 5' sequence controls V-gene 
transcription. 

The H-chain class switch: deletion ofC H -genes 

After integration of the V H /D/J segments, //-chains appear in 
the cytoplasm of cells without L-chain. Subsequently L-chain 
integration occurs and the cells express surface IgM and can 
also express IgD. These cells carry the same V H segment 
associated with the £ or //-chains. A further differentiation 
pathway, the H-chain class switch, takes a V H -gene away from 
the C a -gene and this V H is transcribed with C„ t C a or C,. 
Studies on the arrangement of C H -genes in mouse myeloma cells 
expressing various classes of Ig showed that in plasma cells the 
switch is accompanied by deletion of genetic material between 
J H and the newly expressed C H -gene (Honjo & Kataoka, 1978; 
Cory & Adams, 1980; Coleclough et al., 1980; Rabbitts et al, 
1980a). This deletion includes C H -genes in the interim region. 
Detailed analysis of cloned C H -genes from mouse 
myelomas revealed that this deletion was taking place between 
switch or S-segments located just upstream of each C H except 
C a . The process of such a deletion is summarized in Fig. 7, 
which draws from our own work on mouse and human 
C H -genes and that of various other laboratories (Davis et aL, 
1980: Kataoka et al % 1980; Sakano et aL, 1980). The switch 
recombination process seems to involve sequences within the 
S-segments which are located near each C H -gene and which are 
homologous to each. Our studies of a mouse myeloma mutant 
IgGl chain (Dunnick et aL, 1980) first identified short tandemly 
repeated regions apparently present in each C H S-region which 
undergo rearrangements in the class switch. These segments 
were proposed to be mediators of S-S recombination, in a 
process sucn as unequal crossing over between sister chromatids 
(Fig. 8). This unequal crossing over would result in deletion of 
material and a switched genotype on one resulting chromosome 
(Rabbitts et aL 19806). 

The involvement of these S-segments in recombination, of 
course, requires a sufficient homology between those of each 
C H -gene. Such homology can be shown by hybridization and 
indeed such hybridization profiles reveal some interesting 



features of the relative homologies of different S-segments. Fig. 
9 shows the hybridization of a human S M probe with four 
y-genes (putatively the active genes), the active £-gene plus a 
yrc-gene {\f/e { , which will be discussed later) and two a-genes 
(probably a, and c^). Clearly all the C H -genes analysed display 
some homology to the S w probe. By far the strongest homology 
is found in the a-genes and the active e-gene. The ye,-gene does 
possess an S-sequence with significant homology to S M ; in fact, 
this homology is better than that of S u with the most 
homologous S F (i.e. S 3). In general the S F hybridization was 
weak but none the less significant (Flanagan & Rabbitts, 
19826). This result is consistent with the similar result found in 
mouse and lends support to the theory that S,-S, recombination 
is by far the most likely after S^-S, switching (Marcu etai t 1982). 

Cotranscription ofp- and 5-genes as a means ofC„ switching 

We can conclude that switching of C H -genes in plasma cells 
generally occurs by recombination between homologous S- 
segments and resulting in gene deletion. When we analysed the 
human £gene for an S-segment we found no evidence for such a 
sequence (Rabbitts et al t 1981) so that an alternative 
mechanism was clearly operating in this case. Mapping of the p~ 
and <5-genes showed that the £gene was located about 5000 
bases downstream of the //-gene and in the same direction of 
transcription (Fig. 6). Roughly in the middle of the DNA 
separating these genes we located the coding regions for the 
membrane segment of p (Rabbitts et al, 1981) which are exacdy 
analogous with those first described in mouse (Early et aL, 
1980£). The proposal has been made that the membrane and 
secreted forms of p result from differential RNA splicing routes 
which generate one or other type of mRNA (Early et aL, 
1980£). The proximity of the 5- and //-genes together with the 
absence of a detectable S-sequence argues that the p- and 
(5-genes can be included in a single long transcript from which p 
or 6 mRNA is made containing the same V H sequence. The 
inherent problem with such a scheme derives from the 
constrains on the RNA splicing mechanism, since in order to 
produce a VDJ S mRNA, a set of RNA splicing sites has to be 
ignored (Milstein etal, 1981). 

Pseudo-genes in the human Ig locus 

We have studied three ^-Ig genes which include a -gene 
(Bentley & Rabbitts, 1980), a v^-gene (Krawinkel & Rabbitts, 
1982), a ^e-gene (Flanagan & Rabbitts, 1982*) and a 
yJ H -segment (Flanagan & Rabbitts, 1982a). The structure of 
each vf-gene precludes the possibility that they could function as 
active immunoglobulin genes and a number of interesting, 
different defects are found in the various genes. Each of the 
genes has a defective RNA splice site or at least a sequence at 
variance with the consensus splicing signal. Donor sites-are 
affected in ^V^ J H [two further yrJ H with similar properties have 
also been identified (Ravetch et aL, 1981)] and y/e t , whilst an 
acceptor site is affected in yy* The ytf H segments do not 
correspond to any known protein and several insertions/ 
deletions place protein translation termination signals in phase. 
Similar insertion and deletion mutations were observed in the 
yV^gene which again potentially place in phase protein 
termination signals, even though we could identify the gene 
sequence as being closely related to the subgroup. The yV m 
was also interestingly defective in signals for RNA trans- 
scription [i.e. no good match to the consensus TATA box 
sequence was evident and, indeed, this gene was not transcrib- 
able in vitro (Bentley etal, 1982)1 and for V-J joining. Thus this 
^gene is probably incapable of joining to a J-segment but, even 
if it were, transcription seems unlikely. In any event, trans- 
cription of this sequence would yield a pre-mRNA which would 
not be processed nor translatable into a full length protein. The 
most likely view of such ^-genes is that they are relics of 
evolutionary drift which have gone beyond the limits of the 
constraint which may be imposed by function. 
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Coil 1. switched phenotype. 

Celt 2, unswitched phenotype eventually diluted out in population. 

Fig. 8. Model for switch recombination by sister chromatid exchange 

Genes 1 to 3 represent sequential C H -genes. S-segments are represented as wavy lines, 
This is taken from Rabbitts et al. ( 1980A) 
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Fig. 9. Southern fitter hybridization between S tt - and S- 
segments from other Cff genes 

An S tf probe was hybridized to restriction digests of cosmid 
clones carrying the various C H -genes indicated in the Figure. 
After hybridization the filter was autoradiographed for the times 
indicated. 



The yrgene, again, does not correspond to any known 
protein and apart from the known abnormality of a splice signal, 
may not possess an S-sequence (Takahashi et aL, 1982) thereby 
making it likely that it cannot normally be expressed. Finally the 
Vtygene j s unusual in that it has lost the Cel and Ce2 domains 
completely and the first four residues of the Ce3 domain, which 
therefore includes the RNA splicing signal Just in front of the 
site of deletion in this gene a sequence occurs which has a strong 
relationship with S-sequences. This type of deleted ^-gene is 
reminiscent of the in vitro isolated IF2 mutant gene which we 
previously described (Dunnick et at., 1980). The IF2 cell-line 
was discovered as an isoelectric focusing mutant, derived from 
the IgGl-producing mouse myeloma X63, which was subse- 
quently shown to lack the complete C H 1 domain (Secher et aL, 
1973). An analysis of the gene from IF2 showed that an 
extensive gene deletion had removed the C H I coding segment 
along with most of the C H 1 to hinge intervening sequence and a 
large part of the V H to C H 1 intervening sequence (Dunnick et 
aL, 1980). The mutant gene therefore has a structure which 
facilitated RNA splicing from the donor site of the V-region to 
the acceptor site of the hinge. A secretable H-chain was thus 
produced. The sequence of the gene showed that deletion had 
brought S-sequences very close to the hinge coding segment and 
thus the structures of y/e x and IF2 are very similar. The 
proximity of S-like sequences to the sites of deletion in these two 
genes is intriguing and suggests the involvement of these 
sequences in the formation of these mutant sequences. If this is 
true S-sequence must be important both in gene evolution and in 
derivations of mutant sequences in B-cells. 

Arrangement of human heavy chain genes 

The organization of the heavy chain locus in man is important 
as this region is expressed in a variety of malignant leukaemias. 
We wanted to be able to compare this region in normal and 
abnormal DNAs so a map of this gene region was required. We 
have used both V H and C H -region probes to analyse the heavy 
chain locus. Analysis of various human DNAs with a V H III 
probe indicated a complex picture of around 20 detect- 
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Fig. 10. Partial map of the human C H -gene region 

Cosmid clones were isolated by hybridization with y and e probes and restriction maps 
prepared. The broken lines at the ends of groups refer to the regions in which only a single 
clone has been mapped. 



able bands (Matthyssens & Rabbitts, 1980) and the analysis of 
this region is in its early stages. We studied the arrangement of 
V H -segments in five randomly selected genomic clones and 
determined that the V-genes are separated from one another by 
quite a large distance; one clone contained two V H -genes at a 
distance of 12500 bases whilst a second clone contained two 
V H -genes about 15000 bases apart. The other clones analysed 
contained only one V-gene with the maximum size of genomic 
DNA, lacking a detectable V-gene, being about 16000 bases. 
Given an average spacing of 12000 bases and the existence of 
100 V H -genes, this implies that the V H locus of chromosome 14 
occupies at least 1 200000 bases. 

Recent studies of the human C H -genes indicate that these 
genes also encompass a large region of chromosome 14. We 
have analysed C H -genes by isolating cosmid clones from a 
human placental DNA library (prepared by F. Grosveld) and 
the structure of these clones revealed an interesting organiz- 
ation of genes. Fig. 10 shows the restriction maps of two 
non-overlapping groups of clones (each containing about 80000 
bases of the genome) in which we have placed the relative 
positions of y- t e- and a-genes. The outstanding feature is that 
both groups of genes possess an order y-y-s-a, implying that 
the evolution of this locus involved a vast duplication, probably 
including a segment with the arrangement y-y-fi-a or y-e-a. 
This latter duplication was presumably followed by further 
duplication of y-genes at each site. This interpretation is more 
compelling than the other possibility that the initial large 
duplication included y-y-e-o, since comparison of restriction 
maps and sequences of the pairs of adjacent y-genes indicates 
their close relationship. A complication to this general scheme is 
the existence of the ^y-gene and to a lesser extent by the unusual 



quadruplicated hinge segments found in the y r gene (Krawinkel 
& Rabbitts, 1982; Takahashi et aL, 1982). Interestingly the first 
hinge of the y r gene is closely related to the yry hinge, implying 
an evolutionary relationship between y 3 and y/y v The evolution- 
ary origin of ^y, will not become clear until it is placed relative 
to the other y-genes and even then the peculiarity of its sequence 
may preclude a clear conclusion regarding its origin. The study 
of the C H -genes in other primates will be very interesting from 
the point of view of the nature of gene duplications and the 
origin of the ^-genes. - 

Conclusions 

The immunoglobulin locus of man is a highly fluid gene 
system which employs a variety of gene alteration events, in the 
maturation of the B-lymphocyte, resulting in expansion of 
diversity in the system. This system has evolved a series of 
signals which allow chromosomal rearrangement to occur in a 
specific way. However, it now seems that the very systems 
which contribute so elegantly to antibody activity may also 
result in the very occasional specific chromosomal trans- 
locations resulting in malignant leukaemias such as Burkitt 
lymphoma. 

I acknowledge the efforts of my various collaborators in the work 
described here and I am extremely grateful to Alan Forster for his 
technical expertise. I also thank Dr. C. Milstein and Dr. F. Sanger for 
help and encouragement. 
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We have determined die complete nucleotide sequence of the human 
immunoglobulin D segment locus on chromosome 14q32.3 and identified 
a total of 27 D segments, of which nine are new. Comparison with a 
database of rearranged heavy chain sequences indicates mat the human 
antibody repertoire is created by VDJ recombination involving 25 of 
these 27 D segments, extensive processing at the V-D and D-J junctions 
and use of multiple reading frames. We could find no evidence for the 
proposed use of DIR segments, inverted D segments, "minor" D seg- 
ments or D-D recombination. Conventional VDJ recombination, which 
obeys the 12/23 rule, is therefore sufficient to explain the wealth of 
lengths and sequences for the third hypervariable loop of human heavy 
chains. 

r 1997 Academic Press Limited 
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4 Introduction 

f Antigen binding by antibodies is. mediated by 
sue polypeptide loops: three from the heavy chain 
variable domain (HI, H2 and H3) and three from 
the light chain variable domain (LI, L2 and L3). 
Although all six loops are variable in sequence and 
length, the H3 loop, which is located at the centre 
of the antigen binding site and makes more con- 
tacts with antigen than any other loop (Wilson & 
Stanfield, 1994), is by far the most diverse (Kabat 
et al, 1991). Diversity in this region is generated by 
VDJ recombination of three sets of germline gene 
segments: variable (V H ), diversity (D) and joining 
Oh) (Tonegawa, 1983). Joining is directed by 
specific recombination signal sequences (RSS), 
which flank the coding sequence of every germline 
gene segment. Each RSS consists of a conserved 
palindromic heptamer sequence separated from a 
conserved nonamer sequence by a 12 or 23 bp 
spacer. Only segments with differently sized 



Abbreviations used: V H , heavy chain variable gene 
segment; D, heavy chain diversity gene segment; ) H , 
heavy chain joining gene segment; RSS, recombination 
signal sequence; TdT, terminal deoxynucleotidyl 
transferase. 



spacers may be joined according to the "12/23 
rule". Nucleotides are often removed at the site of 
recombination and a variable number of non-tem- 
plated N-nucleotides added by terminal deoxynu- 
cleotidyl transferase (TdT; Alt & Baltimore, 1982; 
Komori et al, 1993). Thus, the sequences of the D 
segments and the way in which they join to the V H 
and J H segments are major factors in determining 
antigen specificity. 

The human germline V H and J H segments, have 
now been completely mapped and sequenced. 
There are approximately 51 functional V H seg- 
ments, depending on the haplotype (Tomlinson 
et al, 1992; Cook & Tomlinson, 1995), and six func- 
tional J H segments (Ravetch et al, 1981). In con- 
trast, the total number of functional D segments 
and their sequences are unknown. Indeed, of the 
estimated 30 segments on chromosome 14 (the 
"major" D segment locus), only 18 have been se- 
quenced (Ravetch et al, 1981; Siebenlist et al, 1981; 
Buluwela et al, 1988; Ichihara et al, 1988). In ad- 
dition, it is not completely understood how these 
D segments are incorporated into the H3 region. 
Conventional VDJ recombination involves the join- 
ing of the 3' RSS of the D segment with the 5' RSS 
of the J H segment, followed by the joining of the 5' 
RSS of the D segment with the 3' RSS of the V H 
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segment. However, it has also been suggested that 
D segments may use the 5' instead of the 3' RSS to 
recombine to a J H segment fin this case, the D seg- 
ment would be inverted; Gellert, 1992; Tuaillon 
et aL, 1995) and that D segments may recombine 
with each other (D-D recombination, flouting the 
12/23 rule; Sanz, 1991; Yamada et aL, 1991; 
Brezinschek ct til., 1995). It has also been suggested 
that additional elements may be incorporated into 
the H3 loop. These include the DIR segments, 
longer sequences interspersed amongst the func- 
tional D segments that are flanked by multiple 12 
and 23 bp spacer RSS (Ichihara et aL, 1988; Sanz 
et aL, 1994) and the "minor" D segments (a cluster 
of D segments on chromosome 15; Matsuda et til., 
1988, 1990; Nagaoka et aL, 1994; Tomlinson et aL, 
1994). Since the evidence for these unconventional 
mechanisms is based on short sequence hom- 
ologies with many mismatches and insertions/ del- 
etions (Sanz, 1991; Yamada et aL, 1991) it is 
difficult to verify their existence without a com- 
plete knowledge of the sequences of all the germ- 
line D segments. 

To establish the precise mechanism involved in 
VDJ recombination, we therefore determined the 
complete nucleotide sequence of the major D seg- 
ment locus on chromosome 14q32.3. We then used 
a systematic and quantitative method of scoring se- 
quence homologies with somatically rearranged 
heavy chains to identify all the germline D seg- 
ments (and any other sequences) that contribute to 
H3 diversity. 



et aL, 1988) have at least four members, whilst the 
seventh is the unique D H q 32 segment. Within each 
family, the RSS are relatively conserved (consistent 
with recognition by the recombinase), whilst the 
coding sequences are more divergent (consistent 
with providing diversity for the H3 loop). In ad- 
dition, one DIR segment was found immediately 
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Figure 1. A scale map of the human immunoglobulin D segment locus based on the nucleotide sequences of the 
three cosmid clones, COS23, COS21 and COS24 (indicated below the map with the following restriction sites; H, H//i- 
dlll; S, Sfih B, BssHII; M, M/i/I). COS23 and COS21 have previously been shown to juxtapose (Buluwela & Rabbitts, 
1988). D segments are represented by thin vertical lines, Ala elements by triangles and LI elements by ovoids (the 
width of which indicates the approximate size of the element). The Altt sub-families are shown above each element. 
Where definite sub-family allocations for LI elements could be made, all were to pre-primate radiation, mammalian- 
wide families. The V„6 segment, the J„ segments and the S M region are shown as black rectangles. D segments are 
named according to the convention originally established for the human V H segments (Shin et at., 1991; Cook et aL, 
1994). This introduces a two-number system, where the first number indicates the family (shown above each segment 
in the Figure) and the second number indicates the relative position of the segment in the locus from to J H 
(shown below each segment in the Figure). The new family assignments are therefore as follows: D M becomes Dl, 
D, R becomes D2, D xr becomes D3; D A becomes D4, D K becomes D5, D N becomes D6 and D HO?2 becomes D7-27. The 
new names for all previously sequenced D segments are given in Figure Z 



Results 

Complete nucleotide sequence of the D 
segment locus 

A shotgun sequencing strategy (Wilson et aL, 
1994) was used to sequence three cosmids (COS23, 
COS21 and COS24) that form a contig covering the 
entire D segment locus on chromosome 14q323 
(Buluwela et aL, 1988). The nucleotide sequence of 
92,588 bp (EMBL data library accession number 
X97051) was completely determined to high accu- 
racy from a H'mdXW restriction site 13 kb upstream 
of the V H 6 segment to the beginning of the u 
switch region 2.7 kb downstream of the J H seg- 
ments (Figure 1). The distance from V H 6 to J H 1 is 
therefore 74 kb. 



There are 27 X> segments between V H 6 and the 
J H segments 

In all, 27 conventional D segments were ident- 
ified that have a short potential coding sequence 
(11 to 37 bp) flanked by two 12 bp spacer RSS 
(Figure 2). These can be grouped into seven fa- 
milies based on sequence homology. Six of these 
families (D M , D, R , D xr , D A , D K and D N ; Ichihara | 
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Figure 2. Nucleotide sequences of the human D segments on chromosome 14q32.3. Sequences are aligned in family 
groups with dots to indicate nucleotide homology and dashes to indicate pad characters (inserted to maximise iden- 
tity). For each D segment the RSS heptamers and nonamers are boxed. Nucleotides that would be expected to 
prevent or severely restrict recombination (Gellert, 1992; Akamatsu vt al, 1994) are circled. Names of previously pub- 
lished sequences are given next to their corresponding D segments. References are 'Ichihara et al (1988); 
^iebenlist et al (1981); *2ong et at. (1988); 4 Buluxvela et nl. (1988); 3 Ravetch et at. (1981). Note that D 2 , D 3 and-O, were 
later renamed D LR2 , D LR , and D LR4 (Ichihara et at., 1988). Sequence names in parentheses have a number of nucleotide 
substitutions (underlined positions) compared to our sequences. These are: D 4 (allele of D2-2) with A G at the 
second underlined position; (allele of-D2-2) with A ~+ T and A -+ G at the first and second underlined positions, 
respectively; D, (allele of D2-8) with AA GG, D 3 (allele of D2-21) with T -+ C and C T at the first and second 
underlined positions, respectively; D N4 (allele of D6-6) with A C; and D HQ5a (allele of D7-27) with G-»T. The pre- 
viously published sequences of D23/7 (from cosmid COS23), D21/7 (from cosmid COS21), D21/10 (from cosmid 
COS21) (Buluwela et al, 1988) are incorrect and are therefore superseded by the sequences of D3-3, 
D3-10 and D3-16 shown here. Note that the coding sequence of D4-4 is the same as D4-11 and that of D5-5 is the 
same as D5-18. 



upstream of each of the five D M segments. As all 
the D segments in the major locus on chromosome 
14 have now been identified, we propose a new 
naming convention (similar to the one used for the 
human V H segments) that for each D segment indi- 
cates its family and its relative position in the locus 
(see the legend to Figure 1 and Figure 2). (DIR seg- 
ments were omitted from this scheme as there is 
no evidence that they contribute to the functional 
repertoire, see below.) 

Comparison of our and previously published D 
segment sequences indicates limited allelic poly- 
morphism (see Figure 2). The sequences of all 
human germline D segments, can be obtained from 
the V BASE directory of human immunoglobulin 
genes (available on the World Wide Web: http:// 



www.mrc-cpe.cam.ac.uk/imt-doc/vbase-horne- 
page.html or on disk from I.M.T.). 

Organisation and evolution of the D 
segment locus 

The complete nucleotide sequence of the D seg- 
ment locus on chromosome 14 confirms that the 
major D segments are arranged in four 95 kb tan- 
dem repeat units, with the same order of D seg- 
ment families in each cluster (Figure 3a; Siebenlist 
et al, 1981; Buluwela et al, 1988; Ichihara et al, 
1988; Zong et al, 1988). The high degree of se- 
quence homology is illustrated by a two-dimen- 
sional dot matrix plot of this region (Figure 3b). In 
addition to the four 9.5 kb repeats there is a 2.8 kb 
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Figure 3. Repeat structure of the central D segment clus- 
ter, a, A representation of the central D segment cluster 
containing 26 segments (drawn to scale). The six 
families are represented by different shading. The family 
is shown above and the position is shown below each 
segment, b, Two-dimensional dot plot created with the 
program Dorter (Sonnhammer Ax Durbin, 1995) from 
nucleotides 29,000 to 76,000 (as shown in Figure 1) 
which encompasses the central D segment cluster. The 
shortest distance between repeats (indicated by arrows) 
is, on average, 9.5 kb. In addition to four 9.5 kb repeats 
there is a region of homology of 2.8 kb shown boxed at 
the bottom left and top right of the diagram. Breaks in 
the continuity of the diagonals indicate small-scale inser- 
tions/deletions from one repeat unit to the next. 



region homologous to one end of a full repeat. 
This contains an extra Dl segment (boxed in 
Figure 3b). 

Although the locus is C + C-rich (54.9%) and Alu 
repeat elements tend to concentrate in G + C-rich 
regions of the genome (Korenberg & Rykowski,. 
1988), the density of Alu repeats (0.05/kb) is lower 
than the lowest previously reported for a large 
human sequence (0.1 /kb; Legouis et aL, 1991; 
Whitfield et aL, 1995). Indeed, the central D seg- 



ment cluster (DM to Dl-26) lacks Alu and LI el- 
ements altogether (Figure 1). This suggests that the 
primordial locus lacked Alu /LI elements and that 
the flanking Alu /LI elements were spread apart by 
repeattd duplication of the D segments. If true, 
this indicates that the expansion of the central D 
segment locus occurred within the last 33 million 
years (when the youngest Alu elements, Alu-S, 
were dispersed throughout the genome; 
Zietkiewicz et aL, 1994). This is consistent with the 
different organisation and family classification of 
the central D segment cluster in mice (Ichihara 
et aL, 1989; Feeney & Riblet, 1993). The only D seg- 
ment in humans (D7-27/D H Q3 2 , Figure 1) related to 
a mouse D segment (Dq5 2 , Ra vetch et aL, 1981) is 
located in a similar position immediately upstream 
of the J H segments, indicating that this segment 
was present prior to the divergence of the human 
and mouse lineages. 



Alignment of rearranged heavy chain 
H3 sequences 

To assign somatically rearranged sequences to 
their germiine V, D and J counterparts, we used 
the BLAST algorithm (Altschul et aL, 1990). BLAST 
does not insert gaps to maximise homology be- 
tween query and target sequences and produces a 
numerical score for the best alignment The BLAST 
algorithm was incorporated into a UNIX-based se- 
quence alignment package called Germiine Query 
(GQ), which takes the sequence of a rearranged 
antibody gene and systematically searches a direc- 
tory of germiine gene segments (V BASE) for the 
best matches to V and J segments (Figure 4). With 
heavy chain genes, GQ masks the region of the 
query sequence that aligns to V H and J H and then 
searches" for D segments in the intervening H3 
sequence. 

In all, 893 different heavy chain sequences with 
identifiable V H and J H sequences were extracted 
from a large database of rearranged human heavy 
chain sequences (Tomlinson et aL, 1996) and used 
as the source of query sequences for GQ. We also 
compiled a database of target, D sequences, corre- " 
sponding to the nucleotide sequences (both 
strands) of the 27 germiine D segments and their 
alleles (see Figure.2), the five D segment sequences 
from chromosome 15 (Matsuda et aL, 1988, 1990; 
Nagaoka et aL, 1994; Tomlinson et aL, 1994) and 
the five DIR segments (from this study). 

In previous studies, the criteria for assigning H3 
sequences to their germiine D segments appear to 
have been far too lenient. For example, others 
(Mortari et aL, 1993; Brezinschek et aL, 1995) have 
taken five nucleotides of identity or six nucleotides 
with one mismatch as their rninimum cut-off for 
identifying a germiine sequence. In the complete D 
segment database of 3978 bp (see above) even a 
random sequence for H3 is likely find a D segment 
match according to these criteria (there are only 
1024 possible sequence permutations of five 
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Figure 4. Flow-chart for the GQ alignment software. 



nucleotides). Thus, many of these previous align- 
ments are probably incorrect. 

As a control for D segment assignment we 
therefore generated 28,000 "mock" heavy chains 
with random H3 sequences of varying lengths 
sandwiched between genuine V H and ] H se- 
quences (H3 length ranged from five to 70 
nucleotides in intervals of five nucleotides, with 
2000 sequences of each length). The scores pro- 
duced by aligning these sequences to the germ- 
line D segment database provided a "threshold 
of confidence" for alignment of real heavy' chain 
H3 sequences. Our criteria were stringent: if the 



score for an H3 alignment rose above the 99th 
percentile score produced by mock sequences of 
the same length the alignment was considered 
plausible. Even with this high threshold of confi- 
dence we would expect 1 in 100 alignments to be 
due to chance and therefore be incorrect. Using 
this approach, we found that at least ten consecu- 
tive nucleotides of identity are generally required 
to confidently assign a D segment, although the 
precise threshold depends on the H3 length. To 
validate our criteria we compared the 893 somati- 
cally rearranged heavy chain sequences with the 
germline D segment database. Reassuringly, the 
scores for the majority of H3 sequences aligned 
to D segments from the seven families rise above 
the 99% threshold (Figure 5a). 

No evidence for the use of DIR segments, 
inverted D segments, "minor" D segments- or 
D-D recombination 

The contribution of DIR segments to the heavy 
chain repertoire was determined by comparing the 
scores of somatic H3 sequences assigned to DIR 
segments with our threshold of confidence 
(Figure 5b). Only six H3 alignments to DIR seg- 
ments rise above the 99% confidence level, provid- 
ing little evidence for the use of DIR segments. The 
DIR segments were therefore removed from the 
germline D segment database for subsequent align- 
ments. 

We then checked for evidence of D segments 
that rearrange by inversion. Scores produced by 
alignment to the positive (defined as the one that 
runs 5' to 3' from V H to J H ) and negative DNA 
strands (defined as the one mat runs 5' to 3' from 
J H to V H ) are shown in Figure 5c and d, respect- 
ively. Only seven alignments to the negative strand 
rise above the 99% confidence threshold, in 
marked contrast to positive strand alignments, pro- 
viding little evidence for inversion of D segments - 
during recombination. Subsequent H3 alignments . - 
were therefore performed using only the positive 
strand. 

Next, we looked at the contribution of the 
minor D segments on chromosome 15. The scores 
produced by alignment of H3 sequences to D 
segments on chromosomes 14 and 15 are shown 
in Figure 5e and f, respectively. Only six align- 
ments for the chromosome 15 segments rise 
above the 99% confidence level. Given that the 
V H sequences associated with these H3 align- 
ments are highly mutated (>7.9% nucleotide 
differences), these probably represent mutated H3 
sequences derived from major D segments. 
Hence, there is little evidence for use of minor D 
segments. The minor D segments were therefore 
removed from the germline D segment database 
" for subsequent alignments. 

We then searched for evidence of multiple D 
segment alignments. Any H3 sequence that re- 
mained after confident assignment of a first D seg- 
ment (Figure 5g) was again assigned to the 
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Figure 5. Systematic assignment 
of somatically rearranged H3 
sequences to germline D segments. 
The scores produced by the best 
alignment found by GQ when 893 
H3 sequences were searched 
against the germline D segment 
database are plotted as dots accord- 
ing to the length of the nucleotide 
sequence used for D segment align- 
ment (the region between the end 
of V H homology and the beginning 
of J„ homology: the V H -J H dis- 
tance). Black lines show the 99th 
percentile score produced by ran- 
dom sequences aligned to the same 
catagory of D segments (see the 
text). For example, the black line in 
b corresponds to the 99th percentile 
of random H3 sequences assigned 
to DIR segments. Note that where 
two or more alignments have the 
same score and V H -J H distance, a 
single dot is shown, a, Alignments 
to- Dl-7 family members when H3 
sequences were screened against a 
germline D segment database con- 
taining both strands of the 27 D 
segments on chromosome 14 
(including their alleles), the five D 
segment sequences from chromo- 
some 15 and the five DIR segments 
(from this study). Out of 739 align- 
ments, 399 are above the 99% confi- 
dence level (the rest of the 893 
rearranged H3 sequences align to 
DIR segments, see b, below), b, 
Alignments to DIR segments when 
H3 sequences were screened 
against the same germline D seg- 
ment database used in a. Only six 
out of 154 alignments are above 
the 99% confidence level (the rest 
of the 893 rearranged H3 sequences 
align to Dl-7 segments, see a, 
above), c, Alignments to the posi- 
tive DNA strand (defined as the 
one that-runs 5' to 3' from V H to 
J H ) when H3 sequences were 
screened against a germline D seg- 
ment database containing both 
strands of the 27 D segments on~ 
chromosome 14 (including their 
alleles) and the five D segment 



sequences from chromosome 15. Out of 766 alignments, 421 are above the 99% confidence level (the rest of the 893 
rearranged H3 sequences align to the negative DNA strand, see d, below), d, Alignments to the negative DNA strand 
(defined as the one that runs 5' to 3' from J H to V„) when H3 sequences were screened against the same germline D 
segment database used in c. Only seven out of 127 alignments are above the 99% confidence level (the rest of the 893 
rearranged H3 sequences align to the positive DNA strand, see c, above), e, Alignments to major D segments from 
chromosome 14 when H3 sequences were screened against a D segment database containing the 5' to 3' (V H to J H ) 
strand of the 27 D segments on chromosome 14 (including their alleles) and the five D segments sequences from 
chromosome 15. Out of 860 alignments, 454 are above the 99% confidence level (the rest of the 893 rearranged H3 
sequences align to minor D segments, see f, below), f, Alignments to minor D segments from chromosome 15 when 
H3 sequences were screened against the same germline D segment database used in e. Six out of 33 alignments are 
above the 99% confidence level (the rest of the 893 rearranged H3 sequences align to major D segments, see e, 
above), g, Alignments to a first D segment when H3 sequences were screened against a D segment database contain- 
ing the 5' to 3' (V H to J H ) strand of the 27 D segments on chromosome 14 (including their alleles). Out of 893 align- 
ments, 451 are above the 99% confidence level, h, Alignments to a second D segment when the remaining H3 regions 
5' and 3' of the first D segment alignment (see above) were screened against the same germline D segment database 
used in g. Only four out of 821 alignments are above the 99% confidence level. 
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Table 1. Nucleotide composition of H3 sequences 








"».A 




Average nucleotide length 


Total N -nucleotide addition 
V, , end N-nucleotide addition 
j M end N-nucleotide addition 
No D segment in H3 
D segments 


32.6 
32.U 
33.3 
32.4 
27.5 


28.8 
28.9 
28.7 
23.9 
16.7 


19.1 
18.6 
195 
20.6 
2?.9 


19.5 
20.5 
18.4 
23.1 
29.9 


13.6 
7.3 
6.3 

22.3 



germline D segment database. Only four align- 
ments are above the 99% confidence threshold, 
providing little evidence for multiple D segments 
(Figure 5h). 

Finally, to check for other germline elements that 
contribute to H3, sequences flanked by unmutated 
V H and J H segments that could not be confidently 
assigned to one of the major D segments were rea- 
ligned to the complete nucleotide sequence of the 
D locus. From the 31 sequences examined, we 
were unable to identify any germline alignments 
above the 99% confidence threshold. 

We conclude that the 27 major D segments on 
chromosome 14 (and their alleles) are the only 
germline elements that contribute to H3 diversity. 



i 

( Table 2. D segment and reading frame us e in 893 heavy chain sequences 

— - 



In addition, there is little evidence for D segment 
inversion or D-D recombination. 



N-nucleotide addition creates significant 
H3 diversity 

Any "extra" H3 sequence remaining after the 
confident assignment of V H , D and J H segments 
must be due to N or P-nucleotide additiorr (Alt 
& Baltimore, 1982; Lafaille et ni, 1989). Since 
P-nucleotide addition is not thought to occur at nu- 
cleolytically processed segment ends (Lafaille et al, 
1989) and more than 96% of our 893 somatically re- 
arranged sequences do appear to be processed 
(data not shown), it seems likely that P-nucleotide 
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75.0 
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66.7 
46.7 

66.7 
71.4 
66.7 
54.6 

58.1 
632 
. 52.8 
66.7 
883 
833 
833 
61.9 
50.0 

61.9 
71.4 
61.9 
57.1 

33.4 
613 
42.9 
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333 
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454 
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333 
28.6 
333 
42.9 

583 
29.0 
452 
0 
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49.5 



The first column shows the percentage of the 893 somatically rearranged H3 sequences that can be a ^.^ £ 

segment (alignments that exceed the 99% confidence threshold). For the pairs of identical D segments, D4-4/D4-11 and D5-5/D5-18 
mlpercentalTof H3 sequences that align to them are divided equally. The rest of the Table shows the amino acid translation of 
each reading frame of all 27 D segments in single-letter code. The percentage of H3 sequences using each reading frame of any 
given D segment with respect toj„, is shown- alongside the amino- acid translation. Stop codons are shown as asterisks (*)■ Amino 
fcid sequ^esm bold rypVvvere identified amongst the 893 H3 sequences. Reading frames are definri according tol fre presence of 



stop ctdon^ydro^hluc^ hydrop^^ residues" (see the text). Note that for 493% of the 893 rearranged- H3 sequences 
we were unable to confidently assign a D segment (No D). __ _______ — _ . 




T 



594 



Sequence and Analysis of Human D Segments 



Sequence ano 



addition plays a minor role in H3 diversification. 
In addition, the nucleotide composition of the extra 
H3 sequence (Table 1) is similar to that ascribed to 
N-nucleotide addition by terminal deoxvnucleoti- 
dyl transferase (TdT; Basu et aL, 1983; "Gauss & 
Lieber, 1996). In contrast to a recent report on N- 
nucleotide addition in T-cell receptor p chains 
(Rowen et at., 1996), there is no difference between 
the nucleotide composition of N-nucleotides 5' and 
3' of the D segment (Table 1), suggesting that in B- 
cells, TdT acts at all segment termini rather than 
predominantly from D segments as seems to be the 
case in T<ells. 

Although some of the 442 H3 sequences for 
which a germline D segment could not be confi- 
dently assigned may be highly mutated versions 
of known D segments, most are G + C-rich, 
suggesting that they may be mainly generated by 
the activity of TdT (for comparison, Table 1 shows 
the nucleotide composition of the 27 germline D 
segments from chromosome 14). In these cases, the 
germline D segment may be acting purely as an 
anchor for considerable N-nucleotide diversifica- 
tion. 

Use of different D segments and D segment 
reading frames 

In total, 451 rearranged H3 sequences in our da- 
tabase can be confidently assigned to one of the 27 
D segments on chromosome 14 (Figure 5g). The 
use of each D segment is summarised in Table 2. 
As noted in previous studies, the D3, D6 and D2 
families predominate (Sanz, 1991; Yamada et aL, 
1991; Huang et al, 1992; Brezinschek et aL, 1995), 
with nine D segments (D2-2, D2-15, D3-3, D3-9, 
D3-10, D3-22, D4-17, D6-13 and D6-19) being used 
more often than would be expected at random. We 
note that two of the 27 D segments are not seen at 
all pi-14 and D6-25): these segments have mu- 
tations within their hep tamer sequences that 
would be expected to prevent or severely restrict 
recombination (Figure 2; Gellert, 1992; Akamatsu 
et aL, 1994). A similar mutation in the heptamer of 
D4-4 may also prevent its rearrangement (Figure 2), 
but since its coding sequence is the same as D4-1 1 
it is impossible to determine which of the two seg- 
ments is used. 

For each D segment family there is one read- 
ing frame that tends to encode a stop codon, 
followed by a reading frame that tends to en- 
code glycine residues in conjunction with polar/ 
hydrophilic residues (especially tyrosine and ser- 
ine), followed by a third reading frame that is 
normally hydrophobic in character (with many 
alanine, valine and isoleucine residues). Instead 
of denning each reading frame relative to the 
RSS (Ichihara et aL, 1988) we therefore define it 
according to its character (see Table 2). The fre- 
quency of use of the three reading frames for 
each D segment is given in Table 2, together 
with an amino acid translation of each' frame. 
The presence of a stop codon does not prevent 



use of this reading frame, as nucleotide loss 
during VDJ recombination may remove it. The 
hydrophilic reading frame predominates in those 
human H3 sequences for which a confident D 
segment assignment can be made (60% of se- 
quences, Table 2). In contrast to most of the 
other segments that normally use the hydrophi- 
lic reading frame, the D segments D6-6 and D6- 
19 are most frequently seen in the hydrophobic 
reading frame (Table 2). 



Discussion 

By systematic comparison of the complete se- 
quence of the human immunoglobulin D segment 
locus with a database of rearranged sequences, we 
found that DIR segments, inverted D segments, 
minor D segments or D-D joins produce align- 
ments no better than those produced by randomly 
generated sequences. In marked contrast, we 
found overwhelming evidence for conventional 
VDJ recombination involving 25 of the 27 D seg- 
ments on chromosome 14, as shown by the ma- 
jority of alignments scoring higher than those 
produced by. randomly generated sequences. A re- 
cent PCR-based study also failed to detect any DIR 
segment rearrangement in developing B-cells 
(Moore & Meek, 1995). In the absence of any real 
evidence, we therefore believe that it is unreason- 
able to propose a role for the use of DIR segments, 
inverted D segments, "minor" D segments or D-D 
joins in the human antibody repertoire. 

We have also shown that the use of different D 
segments and D segment reading frames is highly 
biased (Table 2). It is an inevitable consequence of 
scoring sequence alignments according to length 
that shorter D segments will have fewer re- 
arranged counterparts. Nevertheless/ other factors 
clearly influence the pattern of D segment use, as 
there are numerous examples of short D segments 
(most notably D6-19 and D4-17) being seen more 
often than long D segments (see Table 2). In ad- 
dition, the fact that the use of D3-10 is twice that of 
D3-3 (which have identical RSS and are the same 
length) and that of D2-2 is five times that of D2-8 
(which also have identical RSS and length) indi- 
cates that structural or selective pressures acting at 
the amino acid level must affect D segment use. 
This is also probably the major factor that affects 
reading frame use (which is not subject to any 
length biases). The most popular reading frame of 
almost all human D segments (Table 2) frequently 
encodes serine, tyrosine and glycine residues. This 
amino acid composition is similar to that seen in 
the five other antigen binding loops (see V BASE), 
suggesting that these residues are particularly 
good at binding antigen and/or for recruiting so- 
matic hypermutation (for a more in depth discus- 
sion of D segment use, see Corbett, 1996). 

For many of the rearranged sequences it was im- 
possible to identify a source for the nucleotides lo- 
cated between the end of the V H segment and the 
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beginning of the J H segment. On average, these H3 
sequences are shorter (223 nucleotides, Table 1) 
than those for which D segments can be confi- 
dently assigned (29.6 nucleotides) and are probably 
the result of either extensive nucleotide loss from 
D segments together with N-nucleotide addition 
and/or high levels of somatic mutation (both of 
which are accepted mechanisms of diversification). 
Indeed, on the basis of their nucleotide compo- 
sition "fingerprint" (Table 1) and the average 
length of N-nucleotide addition in H3 sequences 
where D segments have been assigned (13.6 
nucleotides, Table 1), it appears that these se- 
quences are mainly the result of TdT activity. 

Despite the mechanistic constraints and the var- 
ious biases described above, there is still more se- 
quence and length diversity in the human H3 
region than in any other species so far examined 
(Wu et al, 1993). The mouse (Ichihara et al, 1989; 
Feeney & Riblet, 1993), chicken (Reynaud et al, 
1991) and rabbit (Knight & Crane, 1994) ail have 
fewer germline D segments and fewer families. 
Furthermore, their D segments are usually (>80%) 
expressed in the hydrophilic reading frame 
(Kaartinen & Makela, 1985; Gu et al, 1991; Knight 
& Crane, 1994; Reynaud et al, 1994), whereas in 
humans only 60% of antibodies use the hydrophilic 
reading frame (Table 2). In this way, the use of 
many different D segments and reading frames in 
humans by conventional VDJ recombination to- 
gether with extensive N-nucleotide addition creates 
a wide range of H3 structures and hence a vast 
repertoire of antigen binding sites. 



Materials and Methods 

Shotgun sequencing of cosmids COS21 COS23 
and COS24 

The shotgun sequencing strategy was as described 
(Wilson et al, 1994; Baxendale et al, 1995). Briefly, cos- 
mids were fragmented by sonication and randomly sub- 
cloned into M13mpl8. Greater than sevenfold coverage 
was achieved by sequencing at least 600 single-stranded 
M13 DNA templates per cosmid. Single-stranded DNA 
was prepared from subclones using anti-M13 magnetic 
beads. Templates were sequenced using the dideoxy 
chain termination cycle sequencing technique with dye- 
labelled M13-specific forward primers. Products were 
men run on an Applied Biosystems 373A stretch-liner se- 
quencer. The sequences of COS21 and COS24 were com- 
piled and assembled with the Staden package (Staden, 
1994), whilst COS23 was initially assembled using the 
phrap algorithm (P. G. Green, unpublished) and was 
then incorporated into Staden package format by 
phrap2gap (S. Dear, R. Durbia R. Mott, G. Marth & D. 
Hodgson, unpublished) for further manipulation. Se- 
quence problems were resolved using a combination of 
reverse reads, long reads, oligo walks and Taq termin- 
ators. The accuracy of the entire 92388 bp sequenced is 
estimated to be 99.98% with the methodology used 
(Wilson et al, 1994; Whitfield et al, 1995). The EMBL 
data library accession number for the complete sequence 
is X97051. 



Computer-aided sequence analysis 

This was performed as described (Whitfield et al, 
1995). Briefly, completed sequence was analysed on- a 
cosmid-by-cosmid basis. Each cosmid was screened for 
repetitive elements using: the human repeat sequence 
database assembled by J. Jurka available from the 
PYTH1A server (email; pythia@anl.gov); a hidden Mar- 
kov model to identify Alu elements; BLASTN to identify 
LI and MER/SINE' sequences; the programs QUICK- 
TANDEM and TANDEM to identify tandem repeats. 
The subfamily allocation of Alu and LI elements was 
performed using the programs ALUS and CENSOR 
from the PYTHIA server, respectively. Repetitive se- 
quence was then masked with the character N before 
BLASTN (B= 1,000,000) and BLASTX (B = 1,000,000, 
S = 50, M as BLOSUM62-12) were used to screen the re- 
maining non-repetitive sequence against the following 
databases to identify coding regions and other features 
of interest: EMBL release 39; SWIR version 8 (which is a 
Sanger Centre non-redundant compilation of SWISS- 
PROT31, PIR43 and WORMPEP8); dbEST version 3.5. 
No other significant potential coding region could be 
identified with GRAIL II or by searching for CpG islands 
with the program CPG. 

Germline Query (GQ) 

GQ is an AWK script that takes an antibody variable 
region sequence and uses the BLAST algorithm to deter- 
mine the best germline V, D and J segment alignments in 
the V BASE directory of human immunoglobulin genes 
(available on the World Wide Web: http://www.mrc- 
cpe.cam.ac.uk/imt-doc/vbase-home-page.html or on 
disk from I.M.T.). The GQ alignment process is summar- 
ised in Figure 4. V H and J H alignments were accepted if 
they exceeded 50% and 85% homology, respectively. In 
addition, V H alignments were rejected if they ended 
more than ten nucleotides before the 3' end of the germ- 
line segment sequence, and J H segment alignments had 
to be a minimum length of 18 nucleotides. The bound- 
aries of segment alignments were defined by a series of 
contiguous mismatches with boundary conditions set as 
seven, two and three nucleotides for the V H , D and J H re- 
gions, respectively: Alignment scores were calculated 
using a system of +5 for a match and —4 for a mis- 
match. 
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ABSTRACT We have used a combinatorial immunoglob- 
ulin library approach to obtain monoclonal antibodies from 
nonimmune adult mice, thereby establishing the principles of 
(f) accessing naive combinatorial antibody libraries for prede- 
termined specificities and (ii) increasing the affinity of the 
selected antibody binding sites by random mutagenesis. A 
combinatorial Fab library expressing immunoglobulin /* and k 
light-chain fragments on the surface of filamentous phage was 
prepared from bone marrow of nonimmunized, adult BALB/c 
mice with the multivalent display vector pComb8. Phage 
displaying low affinity Fabs (binding constants, lOMO 5 M" 1 ) 
binding to a progesterone-bovine serum albumin conjugate 
were isolated from the library. Random mutagenesis of the 
heavy- and light-chain variable regions expressed in the mono- 
valent phage display vector pComb3 was performed by error- 
prone PCR, and subsequently clones with improved affinity for 
the hapten conjugate were selected. We demonstrate that 
antibodies with desirable characteristics from a nonimmune 
source may be selected and affinity maturation may be achieved 
by using the twin vectors pComb8 and pComb3, thus opening 
the route to obtaining specific antibodies from a generic library 
and bypassing immunization. 



The B-cell immune response to an antigen can be viewed to 
occur in two stages. The initial stage generates low-affinity 
antibodies mostly of the IgM isotype from an existing pool of 
the B-cell repertoire available at the time of immunization. 
The second stage, which is driven by antigen stimulation, 
produces high-affinity antibodies predominantly of the IgG 
isotype, starting with the light-chain and heavy-chain vari- 
able region (V L and V H ) genes selected in the primary 
response. The predominant mechanism for affinity matura- 
tion is hy permutation of V region genes followed by selection 
of those cells that produce antibodies of the highest affinity 
(reviewed in refs. 1 and 2). Both stages in the immune 
response have been accessed, and extensively studied by 
hybridoma technology (3). 

Recently, there has been much interest in using gene 
cloning approaches to generate and express antibodies by 
combinatorial library techniques to bypass hybridoma tech- 
nology (4-19). The main driving force for this approach is to 
more efficiently harness the vast antibody repertoire. We and 
others have successfully generated diverse high-affinity an- 
tibodies to haptens, virus particles, and protein antigens, 
thereby recapitulating functional molecules appearing during 
the natural immune response in animals and humans. Most of 
the molecular genetic approaches for obtaining active anti- 
bodies by screening combinatorial immunoglobulin libraries 
were directed toward the second stage of the antibody 
response, since the immunization protocol, the choice of the 
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H-chain IgG isotype for molecular cloning, and/or the high 
abundance of specific mRNA in the starting material (12) 
most likely biased the combinatorial libraries toward affinity- 
matured antibodies. Recently, Marks et at. (19) demonstrated 
that active single-chain (Sc) antibodies with affinity constants 
between 10 6 and JO 7 M" 1 against a hapten or a small number 
of epitopes on a protein can be obtained directly from 
nonimmune combinatorial immunoglobulin libraries. 

In its simplest form, the initial stage of the immune 
response can be re-created in vitro by generating a combi- 
natorial library of PCR-amplified immunoglobulin ju, and L 
chains from the bone marrow of adult mice. This is a close 
approximation to the naive, unselected repertoire, since the 
majority of B cells in bone marrow expressing immunoglob- 
ulin /x chains have not been subjected to tolerance and 
antigen selection and should therefore represent all the 
combinatorial junctional diversity of immunoglobulin V re- 
gions (20). The phagemid pComb8 facilitates the display of 
multiple copies of the Fab fragments along the phage surface 
permitting access to low-affinity antibodies (15, 16). Hence, 
specific V H and V L pairs could possibly be enriched from a 
diverse naive repertoire. 

The second stage of the immune response in vivo involves 
affinity maturation of the selected specificities by mutation 
and selection. An efficient way to generate random mutations 
in the laboratory is by an error-prone replication mechanism, 
either by targeting the mutations to the antibody binding sites 
by error-prone PCR (21), or by passaging the phagemid 
carrying the genetic information for the Fab fragment through 
an Escherichia coli mutD strain, in which the spontaneous 
mutation frequency is lOMO 5 times higher than in a wild-type 
strain (22). Here we describe our results using error-prone 
PCR. In subsequent communications, we will describe a 
complementary method using randomized complementarity- 
determining region (CDR) 3 sequences of a V H region to 
generate mutants (C.F.B., unpublished data). In the present 
study, we chose progesterone as a hapten since it elicits a 
restricted immune response in mice (23, 24). The method 
described here has three essential features: (/) the ability to 
initially access low-affinity Fabs from a naive library by the 
use of multivalent phage expression systems, (ft*) subsequent 
affinity maturation by error-prone PCR, and (Hi) use of a Sc 
construct during the maturation process to avoid a high 
background of artifactual binding due to loss of the L chain. 
When used in concert, these methods allow selection and 
affinity maturation of antibodies from a naive library. 



Abbreviations: BSA, bovine serum albumin; CDR, complementar- 
ity-determining region; gVIII and gill, M13 gene VIII and gene III, 
respectively; Sc, single chain; V L , light-chain variable region; V H , 
heavy-chain variable region. 

♦Present address: Sandoz Pharma, Preclinical Research, CH-4002 
Base], Switzerland. 
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METHODS 

RNA Isolation and cDNA Synthesis. Three nonimmunized 
adult male (6 months old) BALB/cByJ mice (Scripps breed- 
ing colony) were used to prepare 5 x 10 7 bone marrow cells 
in 4% fetal calf serum in phosphate-buffered saline (PBS). To 
deplete for surface IgG-po skive cells, the preparation was 
incubated with rat anti-mouse IgG2b (0.1 ml), goat anti- 
mouse IgG (0.1 ml), and rabbit anti-mouse IgG2b (0.1 ml) for 
30 min at ambient temperature. The cells were pelleted, 
washed with PBS, and resuspended in PBS (9 ml). Rabbit 
complement was added (1 ml) and incubated at 37°C for 30 
min. The cells were pelleted and total RNA was isolated as 
described by Kang et al (25). Total RNA was used as a 
template for cDNA synthesis for p, and k chains with the 
following primers: /a chain, 5 '- ATTGGGACI AQI TTCTGC 
GAC AGC TGG ATT-3'; k chain, 5'-GCG CCG J££ AQA 
ATT AAC ACT CAT TCC TGT TGAA-3', respectively, 
using a Superscript kit (BRL). Briefly, 7 pg of total RNA was 
mixed with 60 pmol of primer, heated to 70°C for 10 min, and 
immediately cooled on ice. Two microliters of RNase inhib- 
itor, 10 p\ of 5x synthesis buffer, 8 p\ of dNTP mixture (to 
give a final concentration of 200 pU each NTP), 5 til of 0.1 
M dithiothreitol, and 1 ttl of BRL Superscript reverse 
transcriptase (200 units/til) were added, and the reaction 
mixture was made up to 50 p\ with diethylpyrocarbonate- 
treated water. The reaction was allowed to proceed at room 
temperature for 10 min and then at 42°C for 50 min. The 
reaction was terminated by incubating at 90°C for 5 min and 
then by placing on ice for 10 min followed by adding 1 p\ of 
RNase H and incubating at 37°C for 20 min. PCR amplifica- 
tion was performed in a 100-itl reaction mixture as described, 
using V H l-9 and the /ut-chain primer for the H chains and 
V L 3-7 and the K-chain primers for the L chains (25). 

Naive Immunoglobulin h/k Library Construction. The 
PCR amplified ti-chain and K-chain DNAs were cleaved as 
described (25). The resulting ti-chain Xho l/Spe I fragments 
were inserted into the pComb8 phagemid vector (15) to 
generate a /ti-chain-gene VIII (gVIII) fusion library. Trans- 
formation into E. coli XL1 blue and phage production was 
carried out essentially as described (26). Subsequently, the 
K-chain Sac l/Xba I fragments were cloned into the H-chain 
F d tir-gVIII fusion library. 

Panning. The panning procedure used is a modification of 
that originally described by Parmley and Smith (27). Wells of 
a microti tration plate (Costar 3690) were coated at 4°C with 
50 p\ of progesterone-3-(0-carboxymethyl)oxime-bovine se- 
rum albumin (BSA) conjugate (100 pg/m\) (Sigma P4778) in 
PBS. The wells were washed twice with water and blocked 
by completely filling with 1% (wt/vol) BSA in PBS and 
incubating the plates at 37°C for 1 h. Blocking solution was 
flicked out and 50 p\ of the phage library (typically 10 11 
colony-forming units) in PBS/BSA (0.1%) was added to each 
well and the plates were incubated for 2 h at 37°C. The 
washing steps, elution, and multiplication of the phage were 
done essentially as described (16). 

Colony Screening of Panned Libraries. The bacterial colo- 
nies were prepared essentially as described (16) and probed 
for progesterone binding with a progesterone-3-(0- 
carboxymethyl)oxime-horseradish peroxidase conjugate 
(Sigma P3659). The filters were developed with 4-chloro- 
naphthol (28). 

Sc Fy-glll Fusion. The plasmid pComb3 (16) was digested 
with the restriction endonucleases Xba I and Nhe I and 
religated, thus eliminating the L-chain cloning cassette. A 
synthetic DNA linker, which encodes a 15-amino acid linker 
sequence (29) consisting of two oligonucleotides . (5 '- 
TCGAGAAAGTCICIAGAGGTAAATCTTCTGGTTCT- 
GGTTCCG A ATCTA A ATCTACTQASCICAA AGTCA-3 ' 
and 5 ' -CTAGTG ACTTT G AGCTC AGT AG AT- 
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TTAGATCGGAACCAGAACCAGAAGA TTT ACC 
ICIAQAG ACTTTC-3 ') , was inserted into the Xho l/Spe I 
digested truncated pComb3 vector forming the phagemid 
ScpComb3. The internal recognition sequences for restric- 
tion endonucleases Xba I (TCTAGA) and Sac I (GAGCTC) 
are underlined. The V H and V L segments of the progesterone 
binders were amplified by PCR using the upstream primer 
described above and the oligonucleotides 5'-ATTTGG- 
GAAGG ACTGICTAQATGMRG AG AC-3 ' (M is A or C and 
R is A or G) and 5' GAGGA£IAQITACAGTTGGTGCAG- 
CATCAG-3', respectively. The internal recognition se- 
quences for Xba I (TCTAGA) and Spe I (ACTAGT) are 
underlined. The V H and V L F v PCR fragments were digested 
with Xho l/Xba I and Sac l/Spe I, respectively, and subse- 
quently inserted into ScpComb3. 

Expression and Detection of Soluble Fabs and Sc F v Anti- 
bodies. For Fab production, the gVIII moiety in the phage- 
mids encoding the progesterone binders PgAll, PgB6, and 
PgFl was excised with restriction endonucleases Spe I and 
EcoKl and was subsequently replaced by a synthetic linker 
encoding a TAA stop codon (underlined). The linker was 
formed by the ' oligonucleotides 5'-CTAGT TAA CTGAG- 
TAAG-3' and 5'-AATTCTTACTCAGHAA-3'. The produc- 
tion and detection of antibody Fab fragment was performed 
essentially as described (18, 26) except that the E. coli cells 
were disrupted by three freeze-thaw cycles. For producing 
soluble ScF v antibody fragments, the V H -linker-V L fusions 
were excised from the ScpComb3 phagemid with Xho I and 
Spe I and subcloned into the expression vector pTACOl (to 
be described in detail elsewhere), a derivative of pF1260 (30). 
It has the inducible tac promoter and the pelB leader se- 
quence for secretion, and it allows in-frame fusion of the 
inserted ScF v with a decapeptide sequence (YPYDVPDYAS) 
(31) as a tag for immunochemical detection. Expression and 
detection of the ScF v antibody fragments was as described 
above, except that an anti-decapeptide antibody conjugated 
to alkaline phosphatase was used for the ELISA. 

Vh/V l Targeted Mutagenesis by PCR. Equal amounts of 
undigested PgFl, PgB6, and PgAll ScpComb3 plasmids 
were mixed and serially diluted. Then 100, 10, 1, 0.1, and 0.01 
ng of the mixture were subjected separately to 35 cycles (1 
min at 94°C, 2 min at 50°C, 1 min at 72°C) of amplification 
under the following reaction conditions: 50 mM KG/ 10 mM 
Tris-HCl, pH 9.0/6.5 mM MgCl 2 /0.5 mM MnCl 2 /0.01% 
gelatin/0.1% Triton X-100/1 mM each dCTP, dGTP, dTTP/ 
0.2 mM dATP/0.1 mM dITP, using the M13 reverse sequenc- 
ing primer 5 '- AAC AGCT ATG ACC ATG-3 ' and a backward 
primer complementary to the gill moiety 5'-GACAGGAG- 
GTTG AGGC AGGT-3 ' at 100 pU. The basic method of 
error-prone PCR was as originally described by Leung et al 
(21). The PCRs of all template dilutions were pooled and 
treated with phenol before digestion with Xho I and Spe I. 
The gel-purified and digested PCR fragments were ligated 
back into the Xho l/Spe I-digested ScpComb3 plasmid. The 
ligation products were electroporated into £. coli XL1 blue 
giving rise to «10 6 transformants. Subsequent steps of phage 
production and panning were carried out as described above, 
except that the phage were panned in the absence of BSA. 

Affinity Determination. The binding constants of the solu- 
ble antibody fragments were determined by competitive 
ELISA (18, 32). Briefly, wells of a microtitration plate 
(Costar 3690) were coated at 4°C with 50 p\ of progesterone- 
3-(Ocarboxymethyl)oxime-BSA conjugate (100/ig/ml) (Sig- 
ma P4778) in PBS. The wells were' washed twice with water 
and blocked with 1% BSA in PBS at 37°C for 1 h. Fab or ScF v 
supernatants were mixed with progesterone-3-(0-carboxy- 
methyl)oxime-BSA in PBS/BSA (0.1%) and incubated in the 
wells at 37°C for 2 h. The plates were washed with PBS/ 
Tween (0.05%; vol/vol), and goat anti-mouse K-chain alka- 
line phosphatase conjugate (Southern Biotechnology Asso- 
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dates, Birmingham, AL) or mouse anti-decapeptide mono- 
clonal antibodies conjugated to alkaline phosphatase was 
added and incubated (37°C; 1 h). The plates were washed as 
described, and substrate was added [0.1 ml of p-nitrophenyl 
phosphate at 1 mg/ml in 0.1 M Tris-HCl (pH 9.4) containing 
50 mM MgCl 2 L After incubation (25°C; 60-180 min) the 
absorbance was read at 405 nm. Apparent affinities were 
determined as the reciprocal of the hapten concentration 
required to inhibit 50% maximal binding in a competitive 
ELISA. This is a close approximation to the affinity (32) and 
permitted the ranking of the binding activities. 

Nucleic Acid Sequencing. The complete nucleotide se- 
quences of the V regions of the H and L chains were 
determined from double-stranded DNA by using Sequenase 
2.0 (United States Biochemical). 

RESULTS 

Progesterone Binding Fabs from a Naive Murine Repertoire. 

Bone marrow depleted for surface IgG-positive cells from 
unprimed mice was chosen as the source for the native 
antibody repertoire. Total RNA was extracted, and the 
cDNA fragments encoding the immunoglobulin /i F d and k 
chains were amplified by PCR. A combinatorial library of 5 
x 10 6 members was established by subsequently cloning the 
Ai-immunoglobulin and K-chain fragments into the vector 
pComb8, which allows fusion of the H-chain F d fragment to 
gVIII. Since the Fab antibody fragments are displayed at a 
high copy number on the phage surface (15), this vector 
seemed most suitable for accessing low-affinity antibodies, 
which are expected to be found in an unselected and 
unprimed repertoire (2, 33). The recombinant phagemids 
were packaged into M13 phage particles and five rounds of 
panning on progesterone-3-(0-carboxymethyl)oxime-BSA- 
coated ELISA wells were performed. Phage eluted after the 
first and third round were analyzed for expression of anti- 
progesterone Fabs by bacterial colony lifts. Care was taken 
to exclude artifacts caused by phagemids expressing trie 
immunoglobulin /A-chain Frf-gVIII fusion without a corre- 
sponding L chain. These H-chain-only phages reacted non- 
specifically to unrelated antigens (BSA, horseradish perox- 
idase, hen egg lysozyme), presumably due to the hydropho- 
bic patch displayed on an unpaired H chain (9). 

Those colonies producing the strongest signal in the West- 
ern blot were further examined, and three clones — PgAll, 
PgB6, and PgFl— were isolated for subsequent analysis. The 
first two emerged from the first round of panning, and the 



latter was isolated after the third round of selection. All three 
Fabs, produced in their soluble form, bound specifically to 
progesterone-3-(0-carboxymethyl)oxime-BSA and proges- 
terone-lla-hemisuccinyl-BSA. In addition, all three Fabs 
displayed a significant crossreactivity against an epitope on 
cytochrome c (Fig. 1). Their apparent binding constants for 
progesterone-3-(0-carboxymethyl)oxime-BSA were deter- 
mined as ~10 4 M"* for PgAll and =3 x 10 4 ftf -1 and ^lO 5 
M" 1 for PgFl and PgB6, respectively. These binding con- 
stants are much below that repqrted for anti-progesterone 
monoclonal antibodies with affinities of 2-5 X 1Q 8 M" 1 . These 
high-affinity antibodies show little diversity in V gene usage, 
with an exclusive restriction to the rarely found V H IX family 
and the widely used V ki family (23, 24). Since we established 
and screened the same naive library with the pComb3 vector, 
previously used to isolate rare high-affinity Fabs (18), without 
success for progesterone binders (H.G., unpublished re- 
sults), we reasoned that the cited V H IX or V k i family or a 
proper combination of both was not represented in the 
library. Indeed, none of our progesterone binders utilized V 
genes of either the V H IX or V k i family. Our clones PgB6 and 
PgFl utilize the same combination of closely related V H and 
V L genes. Both of their V H genes are identical to two closely 
related but distinct germ-line genes (34, 35) with no evidence 
of somatic mutation, as one would expect for a naive reper- 
toire (Fig. 2). the true germ-line gene(s) for their closely 
related V L genes are not yet known. Since both the V H genes 
have joined to different diversity and joining region segments 
(see Fig. 2), the clones PgB6 and PgFl cannot be of the same 
origin but must have been selected from two independent 
cloning events, pointing toward a possible importance of this 
particular combination for progesterone binding. The V L and 
V H genes used by PgAll are not closely related to the other 
two clones. 

Thus, this part of our study demonstrated that by using a 
multivalent display vector, Fabs can be isolated from naive 
combinatorial libraries with* affinities comparable to those 
observed for the primary immune response to haptens, such 
as phosphocfioline (33) and nitrophenol (39). Furthermore, 
the combinatorial library approach can yield V genes or V 
gene combinations that would not have been selected in vivo. 

Affinity Maturation by PCR- Directed Mutagenesis. To 
mimic the process of somatic mutation, which leads to the 
selection of antibodies with a higher affinity, we set out to 
create random mutations in both the V L and V H regions and 
subsequently to select antibodies with an increased affinity to 
the hapten. To target the mutations by error-prone PCR 
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Fig. 1. Crossreactivity of Fabs and Sc antibodies. The reactivity to various antigens was determined by ELISA. Antigens were (from left 
to right) progesterone-3-(0-carboxymethyl)oxime-BSA, progesterone-lla-hemisuccinyl-BSA, horseradish peroxidase, BSA, tetanus toxoid, 
trypsin inhibitor, and cytochrome c. 
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Fig. 2. Amino acid sequences of H-chain (A) and L-chain (B) of the progesterone binders. CDR sequences are boxed. The number of 
nucleotide exchanges to the germ-line (neg) gene is given as well as the reference for the most homologous sequence by searching the GenBank 
68.0 data base. *, True germ-line gene unknown, closest homology referenced. 



specifically, and only to the V regions, we created a Sc 
Fv-gUI fusion Jrfasmid that contained in-frame fusions of the 
following elements: the pelB leader sequence for secretion, 
the V H and V L reading frames linked with a synthetic 
oligonucleotide coding for a flexible peptide (29), and the gill 
moiety. The use of a Sc vector further overcomes the 
difficulties due to unwanted selection for nonspecific binding 
by phage that express immunoglobulin H chains only (9). 

We chose the monovalent coat protein III display system 
for the expression and selection of the mutated Sc antibbdies, 
since it facilitates the enrichment for antibodies with higher ; 
affinities (16). For mutagenesis, a mixture of the three ScF v 
templates was subjected to error-prone PCR amplification. 
To produce DN A fragments by PCR with various numbers of 
mutations, various amounts of template DNA were used for 
the PCRs. The PCR products from all the reactions were 
•pooled before recloning them into the vector ScpComb3. A 
library of mutated anti-progesterone Sc phage displaying 
antibody combining sites was established and panned on 
progesterone-3-(0-carboxymethyl)oxime-BSA and the num- 
ber of eluted colony-forming units was taken as a measure for 
the relative affinity oif the displayed Sc antibodies to the 
hapten. After the third round of panning, a 50- to 100-fold 
increase in the yield of eluted phagemids relative to the 
nonmutated population was noted. Individual mutants 
showed a 10- to 300-fold increase in yield after panning as 
compared to the parent clones, indicating that the mutants 
encoded antibody binding sites with an increased affinity. 
The four best mutants were chosen for sequence analysis and 
determination of their affinity for the hapten conjugate. 

DNA sequencing revealed that all four mutant clones had 
arisen from ScPgB6, with ScPgB6-l and ScPgB6-2 being 
identical. The predominant type of mutation obtained by this 
PCR protocol was an A->G/T-*C nucleotide exchange 
(68%), while T->G/A-*C, G—A/C-+T, T->A/A->T, G->C/ 
C— >G, or C-»A/G-+T exchanges occurred at approximately 
the same frequency. DNA sequences with a higher than 
average mutation frequency — i.e., mutational hot spots — 
were observed. We further noted that the three mutant clones 
differed in the number of base-pair changes. The mutation 
frequencies for both the V H and V L regions were found to be 
1.5% for ScPgB6-l, 2.1% for ScPgB6-3, and 4.1% for 



ScPgB6-4, which led to multiple amino acid substitutions in 
the CDRs and framework regions of the mutants (Fig. 2). 

The affinity of the mutated Sc antibodies to progesterone- 
3-(0-carboxymethyl)oxime-BSA as determined by compet- 
itive ELISA had increased over the parent ScPgB6 antibody 
by 30-fold for ScPgB6-l and ~ 13-fold for both ScPgB6-3 and 
ScPgB6-4 (Fig. 3). Interestingly, the clone with the least 
mutations exhibited the highest affinity. The crossreactivity 
pattern for the mutant Sc antibodies did not change, except 
that ScPgB6-l had lost most of its reactivity to cytochrome 
c (Fig. 1). In extensively studied immune responses to 
haptens (3, 33, 39), an increase in affinity by 1 order of 
magnitude could be assigned to specific single amino acid 
substitutions, which implies that only one or two amino acid 
exchanges in the combining site of the Sc anti-progesterone 
antibodies may have accounted for their increased affinity to 
the hapten conjugate. Since a mutant with only a single amino 
acid exchange was not recovered, we could not identify the 
critical residue(s) that caused the enhanced affinity to the 
hapten conjugate. Furthermore, we did not observe amino 
acid substitutions common to all three of the mutants, which 

120 1 1 




-3 



competing antigen [M] 

Fig. 3. Relative affinity of Sc anti-progesterone antibodies. The 
relative affinities of PgScB6 (open box), and the mutants PgScB6-l 
(solid box), PgScB6-3 (open circle), and PgScB6-4 (shaded circle) 
were determined by inhibition EUSA using progesterone-3-(0- 
carboxymethyl)oxime-BSA as competing antigen. Molarity refers to 
the progesterone moiety on the conjugate, as determined by the 
supplier. 
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suggested that changing different residues can account for the 
increased affinity to 3-(0-carboxymethyl)progesterone. A 
Ser-63 to Pro-63 substitution in the V H CDR2 is common to 
the mutants ScPgB6-3 and ScPgB6-4. Although both mutants 
show a similar affinity to the hapten conjugate, we cannot yet 
unequivocally assess the importance of that residue for 
antigen binding, since multiple amino acid exchanges oc- 
curred in the V L and V H regions of the two mutants. 

DISCUSSION 

In this study, we present the principle of selection and affinity 
maturation of specific antibodies to a hapten from a naive 
library. Although our in vitro selection and mutagenesis 
system is quite simple compared to the complexity of the 
immune system, we note some features in common, (i) The 
affinity of antibodies selected from a naive combinatorial 
library can reach the same order of magnitude as antibodies 
from a primary immune response to haptens. (//) Although 
the mechanisms generating mutations in vivo (40) or in vitro 
were different, we observed mutational hot spots. (Hi) The 
increase in affinity after one round of mutation and selection 
in vitro is in the same order of magnitude as that observed for 
the transition from primary to secondary immune responses 
to haptens, (fv) We could recover a mutated antibody com- 
bining site with an altered crossreactivity, as is occasionally 
observed in vivo (39, 41). It will be interesting to explore 
whether additional cycles of random mutagenesis and selec- 
tion could lead to a further increase in affinity, as observed, 
for example, in the tertiary immune response to phenylox- 
azalone (3). 

When the combinatorial antibody approach was first de- 
scribed, one wondered whether it could be used to efficiently 
tap into the vast antibody repertoire in vivo (10). While a 
number of subsequent reports (11, 12, 14, 18) demonstrated 
the effectiveness of this approach, the present study shows 
that we can access and evolve antibody chain combinations 
that may never be selected in vivo. Thus, it now seems as if 
it is possible to exceed the diversity of the antibody response 
in vivo by molecular cloning techniques. 

The ability to recapitulate some features of a primary and 
secondary immune response to a hapten in vitro opens the 
road to selection of catalytic antibodies that cannot be readily 
obtained from an immune source and suggests that circum- 
venting immunization for generation of high-affinity antibod- 
ies may soon be a reality. 
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ABSTRACT A method is described that allows for the 
improvement of antibody affinity. This method, termed com- 
plementary-determining region (CDR) walking, does not re- 
quire structural information on either antibody or antigen. 
Complementary-determining regions are targeted for random 
mutagenesis followed by selection for fitness, in this case 
increased binding affinity, by the phage-display approach. The 
current study targets a human CD4 -binding-site anti-gpl20 
antibody that is potently and broadly neutralizing. Evolution of 
affinity of this antibody demonstrates in this case that affinity 
can be increased while reactivity to variants of human immu- 
nodeficiency virus type 1 is broadened. The neutralizing ability 
of this antibody is improved, as assayed with laboratory and 
primary clinical isolates of human immunodeficiency virus type 
1. The ability to produce human antibodies of exceptional 
affinity and broad neutralizing ability has implications for the 
therapeutic and prophylactic application of antibodies for 
human immunodeficiency virus type 1 infection. 



The ability to clone human antibodies in large numbers from 
seropositive individuals (1, 2) or to create them de novo by 
using synthetic approaches (3-5) promises increased appli- 
cation of this class of molecules in the service of human 
health. There are a number of considerations in choosing an 
antibody-combining site; these are primarily affinity and 
specificity. Current molecular methods should allow for 
experimenter-controlled evolution of binding sites to satisfy 
demands in both areas. The generation of molecules with 
exceptional affinities should both increase biological potency 
and decrease the cost of antibodies as therapeutics. 

Currently, there is an increased urgency for the develop- 
ment of molecules for the prophylaxis and therapy of human 
immunodeficiency virus type 1 (HIV-1) infection. Passive 
immunotherapy has been successfully used against a number 
of viruses (6) and indeed has been used to protect chimpan- 
zees against HIV-1 infection (7, 8) and to protect cynomolgus 
monkeys against simian immunodeficiency virus and HIV 
type 2 infection (9). One of the major problems in using 
antibodies as anti-HIV-1 reagents is sequence variation in the 
envelope proteins of the virus. Because the virus requires the 
binding of the surface glycoprotein gpl20 to the CD4 mole- 
cule on the target cell for infectivity (10, 11), the CD4-binding 
site on gpl20 has become a popular target for antiviral 
antibodies (12-16). However, antibodies to this region are not 
generally particularly potent in terms of virus neutralization. 
Furthermore, such antibodies tend to be even less potent 
against primary isolates of virus than the more commonly 
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used laboratory-adapted strains (17). Using combinatorial 
libraries, we have isolated human anti-CD4-binding site an- 
tibodies with quite exceptional neutralizing ability (18). Nev- 
ertheless, we wished to improve the likelihood that these 
antibodies could succeed in prophylactic and therapeutic 
application. 

In the present report we develop a strategy for evolution of 
antibody affinity. The method is applied to an HIV-1 neu- 
tralizing human antibody directed against the CD4-binding 
site of gpl20. For this antibody, which already shows ex- 
ceptional neutralizing potency, we show the possibility of 
increasing affinity, potency, and broadening strain reactivity. 

MATERIALS AND METHODS 

Reagents, Strains, and Vectors. Oligonucleotides were from 
Operon Technologies (Alameda, CA). Escherichia coli, 
phage, and the phagemid vector pComb3 are as described 
(19). The recombinant glycoproteins (rgps) 120 IIIB(LAI) and 
120 MN were purchased from American Bio-Technologies 
(Cambridge, MA) and AgMed (Cambridge, MA), respec- 
tively. Reagents for surface plasmon resonance experiments 
were obtained from Pharmacia. 

Library Construction and Selection. Experiment A. A Hind- 
III restriction site was introduced preceding the heavy-chain 
complementarity-determining region (CDR) I by standard 
methods into clone HIV-4 (18) in the pComb3 vector (19). 
Clone HIV-4 (Fab b4) and HIV-12 (Fab bl2) are identical. 
This Fab was selected by panning against rgpl20 IIIB(LAI). 
The GenBank accession no. of HIV-4 sequence is L03147. A 
CDRI library was constructed by PCR of the above construct 
with primers (i) 5-GAA-GGT-TTC-TTG-TCA-AGC-TTC- 
TGG-ATA-CAG-ATT-CAG-TNN-SNN-SNN-SNN-SNN- 
STG-GGT-GCG-CCA-GGC-CCC-C and («) primer R3B(20), 
where N is A,C,G, or T, and S is G or C. 

The PCR product was gel-purified, digested with Hindlll 
and Spe I, and gel-purified. The product was ligated with 
Hindlll- and, Spe I -digested HIV-4. Subsequent steps were 
as described (3, 17) to produce phage displaying antibody Fab 
fragments on their surface. The library, 2 x 10 7 clones, was 
affinity-selected by four rounds of panning against gpl20 
IIIB(LAI) immobilized on Costar 3690 microtiter wells. One 
well coated with 1 /xg of gpl20 IIIB was used for each round 
of selection. After selection, plasmid DNA was prepared, and 
individual clones were sequenced. 



Abbreviations: CDR, complementarity-determining region; HCDR1 
and HCDR3, heavy chain CDRI or CDR3, respectively; HIV-1, 
human immunodeficiency virus type 1; PBMC, peripheral blood 
mononuclear cell; sCD4, soluble CD4; rgp, recombinant glycopro- 
tein. 
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Experiment B. Plasmid DNA isolated after experiment A 
was used as a template for PCR with oligonucleotide primers 
(hi) CCC-TTT-GCC-CCA-GAC-GTC-CAT-ATA-ATA- 
ATT-GTC-CTG-GGG-AGA-ATC-ATC-MNN-MNN- 
MNN-MNN-CCC-C AC TCT-CGC-ACA and (iv) FTX-3 (20) 
to randomize within heavy chain CDR3 (HCDR3) (M = A or 
C, which gives K = T or G in the complementary strand; 
NNK doping strategy). The PCR product was gel-purified, 
digested with Aat II and Xho I, and gel-purified. This PCR 
product was ligated with Aat II, Xho I-digested HIV-4. 
Subsequent steps were described above to yield a library of 
8 x 10 6 clones. The library was affinity-selected by six rounds 
of panning against gpl20 IIIB. After selection, the gill 
fragment was removed, and soluble Fab was produced. The 
complete amino acid sequences of the variable regions of 
selected antibodies were deduced by dideoxynucleotide 
chain-termination sequencing. Fab was purified to homoge- 
neity by affinity chromatography, as described (19). 

Surface Plasmon Resonance. The kinetic constants for the 
binding of Fab to rgpl20 IIIB and MN were determined by 
surface plasmon resonance-based measurements using the 
BIAcore instrument from Pharmacia. The sensor chip was 
activated for immobilization with N-hydroxysuccinimide and 
iV-ethyl-N'-(3-diethylaminopropyl)carbodiimide. The pro- 
teins, rgpl20 IIIB or MN, were coupled to the surface by 
injection of 50 /xl of a 50 ftg/ml sample. Excess activated 
esters were quenched with 15 jul of ethanolamine (1 M and pH 
8.5). Typically 4000 resonance units were immobilized. Bind- 
ing of Fab fragments to immobilized gpl20 was studied by 
injection of Fab in a range of concentrations (0.5-10 /ug/ml) 
at a flow rate of 5 /il/min. The association was monitored as 
the increase in resonance units per unit time. Dissociation 
measurements were acquired after the end of the association 
phase but with a flow rate of 50 fxl/min. The binding surface 
was regenerated with HC1 (1 M NaCl and pH 3) and remained 
active for 20-40 measurements. The association and disso- 
ciation rate constants, k oa and £off> were determined from a 
series of measurements as described (20-22). Equilibrium 
association and dissociation constants were deduced from 
the rate constants. 

Quantitative Infectivity Assay Based on Syncytium Forma- 
tion. Quantitative neutralization assays with the MN and LAI 
(IIIB) strains were done as described (23). Monolayers of 
CEM-SS target cells were cultured with virus in the presence 
or absence of Fab, and the number of syncytium-forming 
units of input virus was determined 3-5 days later. Equiva- 
lent amounts of virus were used in the assays to allow direct 
comparison of Fab concentrations tested. Data represent the 
average of at least two runs. Assays were repeatable over a 
virus-surviving fraction range of 1-0.001 within a 2- to 4-fold 
difference in the concentration of antibody (P < 0.001). 

Microplaque Neutralization. The quantitative measurement 
of the reduction of infectivity of primary clinical isolates of 
HIV-1 was determined with a microplaque assay, as de- 
scribed (24), MT2 cells were used as indicator cells in this 
assay. The isolation of HIV-1 from frozen peripheral blood 
lymphocytes obtained from seropositive donors has been 
described (25). A number of the primary isolates of HIV-1 
used in this study have been described (26); these are VL135, 
VL434, VL069, VL263, and VL596, previously described as 
isolates 1, 3, 4, 5, and 7, respectively. 

RESULTS 

CDR Walking. In experiment A, the entire heavy chain 
CDR (HCDR1), as defined by Kabat et al (27), was targeted 
for mutagenesis using the overlap PCR mutagenesis strategy 
described (3). NNS- or NNK-type doping strategies were 
used with no assumptions made as to the most fit residue at 
each position. After four rounds of selection for binding to 



rgpl20 IIIB, the sequencing of 12 clones indicated a prefer- 
ence for asparagine (N) at position 31, an aromatic residue at 
position 32, serine (S) or threonine (T) primarily at position 

33, branched hydrophobic residues at position 34, and hy- 
drophobic and/or aromatic residues at position 35 (Fig. 1). 
Experiment B introduced diversity into HCDR3 at positions 
96-99 of the clones that survived the four rounds of selection 
of experiment A. After six rounds of selection for binding 
rgpl20 IIIB, a strong consensus was seen in both mutagen* 
ized CDRs (Fig. 1). At the time these selection experiments 
were done, only rgpl20 IIIB was commercially available. 
Only in case 3B8 was the starting HCDR3 nucleotide and 
amino acid sequence identical to the parent, indicating some 
contamination in the secondary library. The net results of this 
two-step sequential CDR walk were minimal changes from 
the starting clone. The parental residues at positions 31, 32, 

34, and 99 were strongly or absolutely maintained. The 
hydrophobic parental residue Val-33 was predominantly hy- 
drophilic threonine or serine after selection. Position 96 
appears flexible to a variety of substitutions as does position 
98. Position 97 shows a preference for the increased steric 
bulk of the Tyr-97 -» Trp mutation. 

Affinity Measurement. After selections, four clones were 
chosen for further study. Clones were chosen that were 
related to one another by small changes in amino acid 
sequence and which displayed the most dramatic change in 
amino acid identity at positions 96 and 98. The kinetics of 
binding of purified Fab to two types of rgpl20 from the highly 
divergent isolates MN and IIIB were chosen (28). Compar- 
ison of the protein rgpl20 MN to rgpl20 IIIB revealed 88 
amino acid changes in the aligned sequences from rgpl20 
IIIB, as well as 11 deletions and 5 insertions of amino acids. 
Binding kinetics were studied in real time by using surface 
plasmon resonance. The kinetic and calculated equilibrium 
constants are tabulated for the binding of Fabs to both 
rgpl20s (Table 1). The parental clone HIV-4 binds rgpl20 
IIIB with «10-fold better affinity than rgpl20 MN, a trend 
that is maintained for the evolved clones. The highest-affinity 
Fab, 3B3, is improved 8-fold in affinity to rgpl20 IIIB and 
6-fold in affinity to rgpl20 MN. The increases in affinities of 
the evolved Fabs binding to rgpl20 IIIB and rgpl20 MN are 
well-correlated as shown in Fig. 2. Thus, without selective 
pressure for binding to rgpl20 MN, increase in affinity to 
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Fig. 1. CDR walking for the selection of improved variants of 
HIV-1. In experiment A, HCDR1, is randomized over positions 
31-35. After selection for binding to rgpl20 IIIB the sequences listed 
in experiment A were observed. Experiment B introduces additional 
diversity into HCDR3 positions 96-99 in clones that were selected in 
experiment A. After additional selective pressure to bind rgpl20 
IIIB, the sequences listed under experiment B were observed. The 
sequences of the parental clone HIV-4 are shown for comparison. 
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Table 1. Binding and neutralization data for evolved Fab reacting with laboratory isolates of HIV-1 



Fab 


gpl20 type 


*cn, M-^S" 1 




tfa, M" 1 


# d , M 


Mg/ml 


M 


ni v ~t 


IIIB 


7.6 x 10 4 


4.8 x 10~ 4 


1.6 x 10 8 


6.3 x 10~ 9 


3.9 x 10" 2 


7.7 x 10- 10 


HIV-4 


MN 


3.4 x 10 4 


1.5 x 10" 3 


2.3 x 10 7 


4.4 x lO" 8 


3.0 x 10" 1 


5.9 x lO" 9 


3B1 


IIIB 


8.5 x 10* 


1.1 x 10" 4 


7.7 x lO 8 


1.3 x 10" 9 


2.2 x lO" 2 


4.4 x 10" l ° 


3B1 


MN 


1.4 x 10 5 


1.8 x 10- 3 


7.8 x 10 7 


1.3 x lO" 8 


9.2 x lO" 3 


1.9 x 10" 10 


3B3 


IIIB 


8.4 x 10 4 


6.5 x lO" 5 


1.3 x 109 


7.7 x lO" 10 


4.7 x lO" 2 


9.4 X l0-» 


3B3 


MN 


1.6 x 10 5 


1.2 x 10~ 3 


1.3 x 108 


7.5 x 10" 9 


5.5 x lO" 3 


1.1 x 10" 10 
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2.1 x 10 8 
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4.8 x lO" 8 


2.0 x lO- 2 
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4.5 x 10 4 


1.8 x 10" 4 


2.5 x 108 


5.0 x 10" 9 


6.6 x lO" 2 


1.3 x 10" 9 


3B9 


MN 


8.1 x 10 4 


1.1 x lO" 3 


7.4 x 10 7 


1.4 x lO" 8 


7.8 x lO" 3 
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The ability of parental and evolved Fabs to bind rgpl20 IIIB and MN was determined by surface plasmon resonance (20-22). The equilibrium 
association and dissociation constants were calculated from the experimentally determined kinetic constants where K z = ko n /k 0 a and iCa « 
*offAon. The interpolated IC50 values of Fab-neutralizing MN and IIIB viral stocks, as determined with the quantitative infectivity assay based 
on syncytium formation (23), are given in /ug/ml and in molar units. 



rgpl20 IIIB is accompanied by increased affinity to rgpl20 
MN. Though a series of single-point mutations is not avail- 
able in the clones examined to assign changes in affinity 
directly, comparison of Fab 3B3 with Fab 3B9 and Fab 3B1 
with Fab 3B4, which each differ at two positions, suggests 
change of Pro-96 to glutamine or glutamate as the most 
productive change. Further examination of acidity changes 
within the evolved Fabs suggests affinity increases are cor- 
related with decreased pi values of Fabs. The antigens rgpl20 
IIIB and MN have basic calculated pi values of 9.5 and 9.3, 
respectively, pi considerations may also contribute to the 
anomalous behavior of Fab 3B9, which is the only Fab that 
is increased in pi, as compared with the parent. 

Neutralization Studies. Quantitative neutralization assays 
with the laboratory-adapted strains MN and LAI (IIIB) were 
done to determine potency of the Fabs (23). As shown in Fig. 
3A, the evolved Fabs are clearly improved in their abilities to 
neutralize infectivity of the MN viral stock. The binding 
affinity of Fabs to rgpl20 MN is well-correlated with ability 
to neutralize the MN stock (Fig. 4). The highest-affinity Fab, 
3B3, is improved 54-fold with respect to neutralization of the 
MN isolate in this assay (Table 1). A different MN viral stock 
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Fig. 2. The affinity increases of evolving Fabs for binding the 
divergent envelope proteins rgp!20 IIIB and rgpl20 MN are well- 
correlated. Affinities were determined by using the surface plasmon 
resonance technique (20-22). The sequences of evolved clones are 
ranked as compared with the parent, and changes in the amino acid 
(AA) sequence from the parent are shown as AAA. See also Table 1. 



was used in these studies than had been used in the initial 
characterization of Fab HIV-4 (18). This result is reflected in 
a difference in activity, as compared with this previous 
report. Studies with the LAI (IIIB) viral stock show a 
clustering of Fabs with similar potencies (Fig. 31?) . With this 
viral stock a range of reactivity of only 3-fold is noted with the 
most potent Fab, 3B1, showing a modest 2-fold increase in 
potency. With both viral stocks, Fabs demonstrate excep- 
tional potency in the 10" 10 M range (Table 1). To further 
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Flo. 3. Evolved Fabs are potent in neutralization assays with 
laboratory isolates of HIV-I. (A) Parental and improved Fabs are 
compared in a quantitative infectivity assay based on syncytium 
formation (23) with MN viral stock. (B) Comparison with LAI (IIIB) 
viral stock. Results indicate the average of at least two assays. 
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Fig. 4. Affinity increases are well correlated with increased 
potency in the quantitative infectivity assay with the MN viral stock. 
ICjo values for the reduction of infectivity were interpolated from 
Fig. 3 A. The equilibrium association constant for binding rgpl20 MN 
was determined as in Table 1. 

delineate functional changes that accompany increased af- 
finity, neutralization studies with primary clinical isolates of 
HIV-1 were done. Primary clinical isolates of HIV-1 were 
grown in peripheral blood mononuclear cells (PBMCs) (25). 
As controls in this microplaque assay (24), MB and MN 
stocks, as well as isolate VL069, were propagated in H9 cells. 
Additionally, assays with all stocks were done with a pooled 
plasma from 13 HIV-1-seropositive individuals. In all cases 
MT2 cells were used as indicator cells. The results are shown 
in Table 2. In these assays, the highest-affinity Fab, 3B3, is 
now able to neutralize an additional four isolates, as com- 
pared with the parent Fab, HIV-4. Fifty-percent neutraliza- 
tion of isolates VL135 and VL530 by Fab 3B3 at 38.9 and 29.5 
/xg/ml, respectively, is significant because the parent, Fab 
HIV-4, showed insignificant levels of neutralization, «10%, 
at 50 /ig/ml. Neutralization of these isolates with pooled 
positive plasma shows that these isolates are relatively re- 
sistant to neutralization, as compared with the laboratory 
isolates grown in H9 cells. Neutralization of MN and IIIB 
stocks by antibody 3B3 is improved «5-fold in this assay. A 
host-cell effect is noted with isolate VL069. Propagation of 

Table 2. Neutralization of primary clinical isolates of HIV-1 with 
natural a nd evolved Fab 

Amount for 50% 







neutralization, /ig/ml 


Titer 


Virus 


Host cell 


HIV-4 


3B3 


+ PHP 


VL135 


PBMC 


>50 


38.9 


1:33 


VL263 


PBMC 


17.0 


6.6 


<1:10 


VL596 


PBMC 


33.1 


17.0 


1:10 


VL069 


PBMC 


>50 


>50 


<1:10 


VL434 


PBMC 


>50 


10.5 


1:10 


VL114 


PBMC 


>50 


5.2 


<1:10 


VL172 


PBMC 


>50 


>50 


1:10 


VL530 


PBMC 


>50 


29.5 


<1:10 


VL750 


PBMC 


>50 


>50 


1:10 


IIIB 


H9 


0.36 


0.068 


1:767 


MN 


H9 


0.18 


0.044 


1:24,000 


VL069 


H9 


3.6 


3.5 


1:1,200 



The potency of the HIV-4 parental clone and Fab 3B3 to neutralize 
primary clinical isolates was measured in a microplaque assay (24). 
Virus was either propagated in PBMC or H9 cells. The neutralizing 
ability of pooled human plasma from 13 HIV-I-seropositive patients 
(+PHP) is shown for comparison as the titer of the serum dilution. 
Furthermore, the laboratory-adapted stocks IIIB and MN were also 
tested in this variant assay for comparison. A host-cell effect is 
shown for isolate VL069 grown in H9 cells (29). 



this isolate in H9 cells results in a sensitization to neutral- 
ization. This effect has been noted previously and is dis- 
cussed in detail elsewhere (29). In these assays the intrinsic 
error of the interpolated titers averages ±30%. 

DISCUSSION 

The present study shows the feasibility of improving antibody 
affinity and function where specific structural information on 
both antibody and antigen is not available and the antibody 
already possesses high affinity. The current approach termed 
"CDR walking** is a variant of our synthetic-antibody ap- 
proach for the generation of additional specificities in vitro 
(3-5). Practically, there is one important difference. CDR 
walking involves a limited introduction of diversity into the 
CDR regions of a defined antibody, as contrasted with the 
synthetic approach for the generation of new specificities 
where structural diversity is stressed over library complete- 
ness. Diversity in the present case is limited to 6 or fewer 
amino acid residues with an NNK- or NNS-doping strategy 
so as to ensure near-complete representation of all possible 
amino acid combinations. Selection from the library with the 
phage-display technique then allows for the refinement of the 
contact between antigen and antibody, which may result from 
unpredictable sequence changes in the region of interest. 
Repeated introduction of diversity into CDRs followed by 
stringent selections should allow for the refinement of human 
antibodies to levels of affinity far beyond those generated by 
the immune response. Two strategies are evident for the 
application of this approach, either sequential or parallel 
optimization of CDRs. Parallel optimizations makes the 
assumption that the optimized loops will exhibit additivity in 
free energy changes when the individually optimized loops 
are combined (30, 31). In many cases, additivity will likely be 
observed. Sequential optimization takes into account that 
additivity may not always be observed and that optimal 
binding may result from the interdependence of loops. Such 
interdependence could result from coordinated structural 
changes on binding antigen and is supported by recent 
evidence that suggests induced-fit mechanisms may best 
describe antibody-antigen recognition (32, 33). The two-step 
sequential walk reported here demonstrates the potential of 
this strategy. Both sequential and parallel approaches are 
being examined at present. In this initial study HCDR1 and 
HCDR3 were chosen for optimization. These CDRs were 
targeted because rearrangements of these CDRs have been 
observed on binding of another antibody to antigen (33). 
Residues 96-99 of HCDR3 were targeted because chain- 
shuffling experiments indicated this region is a hotspot during 
the natural maturation of this antibody (34). After the ran- 
domization and selection protocol that sampled mutations of 
9 amino acid positions, higher-affinity Fabs resulted that had 
mostly modest changes from the parent (Fig. 1). The most 
radical change involves the Pro-96 -> Glu mutation found in 
the highest-affinity clone 3B3, which is 8-fold improved in 
binding rgpl20 IIIB. Interestingly, this mutation is also 
observed in the in vivo response, as revealed by chain 
shuffling. The in vivo antibodies that share this mutation are, 
however, of lower affinity than HIV-4 and have accumulated 
many additional somatic mutations throughout their se- 
quence (34). 

The key issue in producing antibodies to HIV-1 for ther- 
apeutic or prophylactic purposes is that they should be highly 
potent (of high affinity and neutralizing ability) and be 
cross-reactive with a wide range of isolates. These are usually 
two opposing characteristics. We have chosen HIV-4, as it 
recognizes a conformational epitope on gpl20 that overlaps 
the CD4-binding site of gpl20 and is broadly and potently 
active (19). If HIV-4 is truly recognizing the conserved 
features (shape) of the CD4-binding region, it should be 
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possible to increase its affinity to gpl20 for many or all viral 
strains, as to date all HIV-1 isolates use CD4 as their primary 
receptor. This phenomenon is, indeed, observed as shown in 
Fig. 2. Binding has been increased to MN and IIIB, two 
highly divergent isolates (28). Selective pressure could have 
been applied to favor cross-reactivity by selecting with a 
mixture of divergent gpl20s; however, this did not prove to 
be necessary in the present investigation. The present strat- 
egy was dictated because only rgpl20 IIIB was commercially 
available when the selection experiments were done. Potency 
as judged by quantitative neutralization assays with MN and 
LAI (IIIB) stocks is improved as well (Fig. 3). With the MN 
isolate affinity is well-correlated with neutralizing ability 
(Fig. 4). Neutralization of MN and LAI stocks with soluble 
CD4 (sCD4) revealed IC 50 values of 0.6 nM and 0.8 nM, 
respectively (35). As shown in Table 1, the parental clone and 
Fab 3B1 have IC 50 values of 0.8 nM and 0.4 nM, respectively, 
for the LAI stock. For MN, the parental clone and Fab 3B3 
have IC50 values of 6 nM and 0.1 nM, respectively. The ability 
of these evolved monovalent Fabs to neutralize with poten- 
cies equivalent to sCD4 is distinctive. The lack of correlation 
of rgpl20 IIIB affinity with neutralizing ability may reflect the 
sensitivity of the assay conditions in this range. In a recent 
multicenter study of human and mouse anti-HIV-1 antibod- 
ies, no bivalent antibody has demonstrated such potency 
(36). 

Can a single CD4-site antibody fulfill the promises once 
made by sCD4 as a therapeutic agent? Primary clinical 
isolates often require 1000-fold more sCD4 for neutralization 
than laboratory isolates (37-39). This fact may be the primary 
contributor to the failure of sCD4. As shown in Table 2, the 
highest-affinity Fab also demonstrates improved ability to 
neutralize primary clinical isolates. Four isolates not neu- 
tralized by the parent are now neutralized by Fab 3B3. For 
isolate VL114 a titration with bivalent CD4 IgG, predicted to 
have high activity, yielded an IC50 of 10 jig/ml, as compared 
with 5.2 /Ag/ml for Fab 3B3. As most of the CDR residues 
have yet to be optimized, it should be possible to further 
evolve this Fab to affinities 100 or 1000 times those reported 
here. These preliminary results suggest that broadly reactive 
antibodies of exceptional affinity can be prepared. Such 
antibodies will likely be of use at least to prevent vertical 
transmission of virus and in cases of accidental exposure. 
Ideally a mixture of such antibodies directed against several 
epitopes would be used. It remains to be demonstrated 
whether antibodies alone can be effective in cases where 
lymph nodes and thymus are seeded with the virus; however, 
they will likely be valuable components in combination 
therapies (40) and perhaps as key targeting agents in future 
therapies. 
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We determined the extent to which additional binding energy could be 
achieved by diversifying the complementarity determining regions (CDRs) 
located in the center of the antibody combining site of C6.5, a human 
single-chain Fv (scFv) isolated from a non-immune phage library which 
binds the tumor antigen c-erbB-2. CDR3 of the light (V L ) and heavy (V H ) 
chain variable region of C6.5 were sequentially mutated, the mutant scFv 
displayed on phage, and higher affinity mutants selected on antigen. 
Mutation of V L CDR3 yielded a scFv (C6ML3-9) with a 16-fold lower 
(1.0 x 10" 9 M) than C6.5. Due to its length of 20 amino acids, four V H CDR3 
libraries of C6ML3-9 were constructed. The greatest increase in affinity 
from a single library was ninefold (K, = 1.1 x lO" 10 M). Combination of 
mutations isolated from separate V H CDR3 libraries yielded additional 
ninefold decreases in K*, resulting in a scFv with a 1230-fold increase in 
affinity from wild-type C6.5 (Ka = 1.3 x KT" M). The increase in affinity, 
and its absolute value, are comparable to the largest values observed for 
antibody affinity maturation in vivo or in vitro and indicate that mutation 
of V L and V H CDR3 may be a particularly efficient means to increase 
antibody affinity. This result, combined with the location of amino acid 
conservation and substitution, suggests an overall strategy for in vitro 
antibody affinity maturation. In addition, the affinities and binding 
kinetics of the single-chain Fv provide reagents with potential tumor 
targeting abilities not previously available. 

© 1996 Academic Press Limited 

Keywords: c-erbB-2; single-chain Fv; antibody phage display; affinity 
maturation; BIAcore 



Introduction 

Antibody based cancer therapy is limited by the 
properties of antibodies derived from conventional 
hybridoma technology (reviewed by Riethmueller 



et al, 1993). IgG are large molecules (150 kDa) 
which diffuse slowly into tumors (Clauss & Jain, 
1990) and are slowly cleared from the circulation, 
resulting in poor tumormormal organ ratios 
(Sharkey et al, 1990). Smaller single-chain Fv 
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Abbreviations used: AMP, ampicillin; c-erbB-2 ECD, c-erbB-2 extracellular domain; CDR, complementanty 
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antibody fragments (scFv, 25 kDa) penetrate tu- 
mors better than IgG (Yokota et aL, 1992), are 
cleared more rapidly from the circulation, and 
provide greater targeting specificity (Adams et aL, 
1993; Colcher et aL, 1988; Milenic et aL, 1991). scFv 
are typically constructed from the heavy (V M ) and 
light (V L ) chain variable region genes of murine 
IgG, and thus are still potentially immunogenic. 
In addition, scFv are monovalent and dissociate 
from tumor antigen faster than bivalent IgG 
molecules, which exhibit a higher apparent affinity 
due to avidity (Crothers & Metzger, 1972). Loss of 
avidity, combined with rapid clearance from 
blood, results in significantly lower quantitative 
retention of scFv in tumor (Adams et aL, 1992). 
Significant rumor retention beyond 24 hours 
will require a dissociation rate constant (k o{f ) less 
then lO^s" 1 (fi/ 2 = 1.8 hours). Since antibodies 
typically have rapid (>W* M~' s" 1 ) association rate 
constants (tan), this requires a K d (<10~ 9 M) rarely 
achievable by murine immunization (Foote & 
Eisen, 1995). 

The limitations of hybridoma technology can be 
overcome by the display of natural (Marks et aL, 

1991) and synthetic immunoglobulin variable 
region gene repertoires (Hoogenboom & Winter, 

1992) on the surface of filamentous bacteriophage 
(Hoogenboom et aL, 1991; McCafferty et aL, 1990). 
Human scFv can be recovered from these libraries 
against virtually any antigen (Griffiths et aL, 1993; 
Marks et aL, 1991, 1993; Vaughan et aL, 1996). Using 
this approach, we isolated a human scFv (C6.5) 
which binds to the extracellular domain (ECD) of 
the tumor antigen c-erbB-2 (McCartney et aL, 1995) 
with a Kd of 1.6xl0^M and ha of 6.3 x MTV 1 
(Schier et aL, 1995). Biodistribution studies in scid 
mice demonstrate high tumor: normal organ ratios 
and excellent tumor visualization, however quanti- 
tative delivery of scFv to tumor is inadequate to 
provide therapeutic dosimetry. Greater delivery 



Table 1. Sequences of primers used 



should be possible by engineering higher affinity 
scFv. 

Phage display can also be used to increase 
affinity (Lovvman etaL, 1991; Marks etaL, 1992). The 
antibody sequence is diversified and higher affinity 
binders selected from the mutant antibody library 
(Barbas et aL, 1994; Hawkins et aL, 1992; Yang et aL, 
1995). For this work, we demonstrate that restric- 
tion of mutagenesis to the complementarity 
determining regions (CDRs) located in the center of 
the antibody combining site can yield increases in 
affinity comparable to values previously reported 
either for in vivo or in vitro affinity maturation. 
Mutation of the V L and V H CDR3 of C6.5 scFv 
yielded a scFv with a 1230-fold increased affinity 
(Kd = 1.3 x 10-" M). The decrease in K d of mutant 
scFv was largely due to a reduction of k of{ , which 
correlated well with the t } / 2 observed for retention 
on the surface of c-erbB-2 expressing SK-OV-3 cells. 
Modeling of the location of mutations suggests a 
general approach for the rapid and efficient 
generation of ultra-high affinity antibodies. 

Results 

Mutation of C6.5 scFv V L CDR3 

Library construction and selection 

For construction of a library of C6.5 V L CDR3 
mutants, an oligonucleotide was designed (Table 1) 
which partially randomized nine amino acid 
residues located in V L CDR3 (residues 89 to 95b, 
numbering according to Kabat et aL, 1991; Table 2). 
For the nine amino acids randomized, the ratio of 
nucleotides was chosen so that the frequency of 
wild-type (wt) amino acid was 49%. After 
transformation, a library of 1.0 xlO 7 clones was 
obtained. The mutant phage antibody library was 
designated C6VLCDR3. Polymerase chain reaction 



VLl S'-GTCCCTCCGCCGAACACCCA^^^^l^J^Al^A^^^l^^^a^ ACAGTAATAATCAGCCTCAT-3' 

VL2 5'-GAGTCATTCTCGACTTGCGGCCGCACCTAGGACGGTCAGC^TGGTCCCTCCGCCGAACACCCA-3 , 

VHA S'-GCGCAGTTGGAACTACtGCA^S^S^^SASA ATGTCTCGCACAA AAATACACGGC-3' 

RVHA S'-TGCAGTAGTrCCAACTGCGC-S* 

VHB 5'<;TArrCAGGCCACnTGCGCA^A8^,8^8,8,5^, GCAATATCCCACGTCATCTC-3' 

RVHB 5'-TGCGCAAAGTGGCCTGAATAC-3' 

VHC 5 , -CTGGCCCCAATGCTGGAAGTA^^3#5 f 8 / 8,CCA3/8^,5,8AGCAGTTGGAACTACTGCAATATCC-3' 

RVHC 5-TACTTCCAGCATTGGCGCCAG-3' 

VHD 5'-GACCACCGTGCCCTGGCCCCA,5,8,8,5A83,8^ 

RVHD 5'-TGGGGCCAGGGCACCCTGGTC-3" 

C6hisnot 5-GATACGGCACCGGCGCACCTGCGGCCGCATGGTGATGATGGTGATGTGCGGCACCTAGGACGGTCAGCT 
TGG-3' 

PML3-9 5'-CCTAGGACGGTCAGCTTGGTCCCTCCGCCGAACACCCAACCACTCAGGGTGTAATCCCAGGATGCACAG 
TAATAATCAGC-3* 

PML3-12 5<CTAGGACGGTCAGCTTGGTCCCTCCGCCGAACACCCAACCACTCCGGCrGTAATCCCATGCTGCACAG-3' 

PCD1 5-GACGGTGACCAGGGTGCCCTGGCCCCAAACGTGCAGCCATTCAGGCCACTTTGCGCA-3' 

PCD2 S-GACGGTGACCAGGGTGCCCTGGCCCCATACGCCCAGCCATTCAGGCCACTTTGCGCA-y 

PCD3 5*-GACGGTGACCAGGGTGCCCTGGCCCCAGTTGTCCAACCATTCAGGCCACTTTGCGCA-3' 

PCD5 5<JACGGTGACCAGGGTGCCCTGGCCCCACATCrGCATCCATTCAGGCCACnTGCGCA.3' 

PCD6 5-GACGGTGACCAGGGTGCGCTGGCCCCAGGGCTACATGCATTCAGGCCACTTTGCGCA-3 1 

Nucleotide mixtures used, molar fraction: 1 A (0.7), C, G, and T (0.1); 2 C (0.7), A, G, and T (0.1); 3 G (0.7); 4 T (0.7), A, C and 
G (0.1); 5 C and G (0.5); 6 C (0.7) and G (0.3); 7 C (0.3) and G (0.7); 8 A, C, G, and T (0.25). 
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(PCR) screening revealed that 30 of 30 randomly 
selected colonies had full length insert and 
diversity was confirmed by sequencing the V L 
CDR3 of ten unselected clones (results not shown). 
Prior to selection, 5/92 clones selected at random 
expressed scFv which bound c-erbB-2 ECD by 
enzyme linked immunosorbent assay (ELISA). 
After both the third and fourth rounds of selection, 
92/92 clones bound c-erbB-2 ECD by ELISA. 

The C6VLCDR3 library was selected using 
decreasing concentrations of biotinylated c-erbB-2 
ECD, as described by Schier et aL (1996b). 
A relatively high antigen concentration 
(4.0xl0"*M) was used for the first round to 
capture rare or poorly expressed phage antibodies. 
The antigen concentration was then decreased 
40-fold for the second round (l.OxlO^M), and 
decreased a further tenfold each of the subsequent 
two rounds (1 .0 x 10" 10 M, third round; 
1.0xl0 _1I M, fourth round). Reduction of the 
antigen concentration helps ensure that selection 
for higher affinity scFv occurs, rather than selection 
for scFv that express well on phage or are less toxic 
to Escherichia coli (Hawkins et al., 1992; Schier ct aL, 
1996b). The optimal antigen concentration cannot 
be predicted a priori, due to variability in phage 
antibody expression levels and uncertainty regard- 
ing the highest affinities present in the mutant 
phage antibody library. Thus the choice of antigen 
concentration was guided by determining the 
percentage of binding phage present in the 
polyclonal phage preparation. After each round of 
selection, polyclonal phage were prepared and the 
concentration of binding phage determined by 
measuring the rate of binding to c-erbB-2 ECD 
under mass transport limited conditions using 
surface plasmon resonance (SPR) in a BIAcore 
(Schier & Marks, 1996). The percentage of binding 
phage was calculated by dividing the concentration 
of binding phage by the concentration of total 
phage as determined by infecting E. coli. If little or 
no change in the binding phage percentage was 
observed (as in these experiments), the antigen 
concentration was decreased significantly (at least 
tenfold) in the next round of selection. A large 
decrease in the percentage of binding phage, as we 
have observed during other selections (Schier & 
Marks, 1996), indicates that the selection should be 
repeated using a higher antigen concentration, or 
that the antigen concentration should not be 
decreased for the next round of selection. 

Characterization of mutant scFv 

To identify scFv with a lower K d than wt scFv, 
apparent k Q u was determined by SPR in a BIAcore 
on unpurified native scFv in bacterial periplasm 
(Schier et aL, 1996b). A total of 24 scFv from the 
third and fourth rounds of selection were ranked by 
/r 0 ff. After the third round of selection, 80% of scFv 
had a lower k off than wt and after four rounds, 100% 
of scFv had a lower k oii than wt scFv. The 12 scFv 
with the lowest A' 0 f, from each of these rounds of 



selection were sequenced and each unique scFv 
gene was subcloned for purification. scFv were 
purified by immobilized metal affinity chromatog- 
raphy (IM'aO, followed by gel filtration to remove 
any dimeric or aggregated scFv. The k m and fc.n 
were determined by BIAcore, and the K d calculated. 

After the third round of selection, seven unique 
scFv were identified, all with higher affinity than wt 
scFv (Table 2). scFv had on average 1.8 amino acid 
substitutions /scFv, with a single substitution at 
residue 93 the most frequently observed mutation. 
This single amino acid substitution would have 
occurred with a frequency of 1/12,000 in the 
original library, assuming equal nucleotide coup- 
ling efficiency. The average scFv affinity was 
3.6xlO~ 9 M (4.4-fold increase), with the highest 
affinity 2.6xlO~ 9 M (six fold increase). After four 
rounds of selection, six scFv were identified, and 
none of these sequences was observed in the scFv 
sequenced from the third round (Table 2). For the 
selections reported above, binding phage were not 
specifically eluted, but rather were incubated with 
E. coli. We subsequently determined that when 
elutions are performed by incubating phage bound 
to antigen with E. coli, the phage probably must 
dissociate from antigen for infection to occur, 
leading to preferential selection of scFv with more 
rapid k„u (Schier & Marks, 1996). Steric hindrance, 
due to the size of paramagnetic beads, blocks the 
attachment of pill on antigen bound phage to the 
f-pilus on E. coli. Repetition of the fourth round of 
selection using lOOmM HQ as eluent yielded an 
additional five scFv, including the highest affinity 
scFv obtained (C6ML3-9, Table 2). scFv from the 
fourth rounds of selection had on average 2.9 amino 
acid substitutions/scFv, with expected frequencies 
between 1/590,000 and 1/24,000,000 in the original 
library. The average scFv affinity after the fourth 
rounds of selection was 1.9xl0~ 9 M (8.4-fold 
increase), with the highest affinity l.OxlO^M 
(16-fold increase). The results demonstrate the 
efficiency and importance of the selection and 
elution techniques for isolating very rare high 
affinity clones from a library. 

Location of mutations in higher affinity scFv 

Significant sequence variability (six different 
amino acids) was observed at residues 93 and 94, 
with less variability (three different amino acids) 
at residues 95 and 95a. Thus a subset of the 
randomized residues appear to be more important 
in modulating affinity. All but one of these four 
residues (L95) appear to have solvent accessible 
side-chains in our model of C6.5, which is based on 
the atomic structure of the Fab KOL (Figure 1). 
Three of the residues randomized (A89, W91, and 
G96) were 100% conserved in all mutants se- 
quenced. Two additional residues (A90S arid D92E) 
showed only a single conservative substitution. 
These conserved residues appear to have a 
structural role in the variable domain, either in 
maintaining the main-chain conformation of the 
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Table 2. Sequences, affinities and binding kinetics of scFv isolated from a 
library of C6.5 V L CDR3 mutants 

V L CDR3 & U k oi( 

clone F sequence (10'° M) (10" s' 1 M~') (1Q-* s" 1 ) 

8 9 9 

9 Sab 7 

C6 -5 0 AAWDDS LSG WV 16.0 4.0 ± 0.20 6.3 ± 0.06 

A. Tltird round of selection 

C6ML3-7 1 YAV 2.6 6.5 + 0.29 1.7 + 0.09 

C6ML3-2 2 h 2.8 7.0 + 0.24 2.0 ± 0.09 

C6ML3-6 2 -S--Y 3.2 5.8 ± 0.43 1.9 ± 0.02 

C6M13-4 1 -S-EY--W--- 3.4 3.8 + 0.32 1.3 + 0.13 

C6ML3-5 4 Y 3.7 5.2 ± 0.34 1.9 + 0.08 

C6ML3-3 1 -S--YR 3.8 5.5 ± 0.12 2.1 + 0.05 

C6ML3-1 1 Y--W--- 6.1 3.3 ± 0.07 2.0 ± 0.15 

B. Fourth round of selection 

C6ML3-9* 1 -S--YT 1.0 7.6 ± 0.20 0.76 + 0.03 

C6ML3-14* 1 P-W--- l.l 7.0 ± 0.20 0.77 ± 0.02 

C6ML3-23* 1 -S--H--W--- 15 6.7 + 0.41 1.7 ± 0.09 

C6ML3-19* 1 -s— RP-W— 1.5 6.6 ± 0.69 1.0 ± 0.02 

C6ML3-12* 2 Y-R 1.6 4.5 ± 0.16 0.72 ± 0.02 

C6ML3-29 1 GT-W--- 1.7 12.9 + 1.03 2.2 ± 0.02 

C6ML3-15 1 RP-W--- 2.2 5.9 + 0.81 1.3 ± 0.02 

C6ML3-10 1 ---E-P-Y--- 2.3 6.1 ± 0.80 1.4 + 0.02 

C6ML3-13 1 AT-W--- 2.4 8.7 ±0.98 2.1 ± 0.09 

C6ML3-8 1 HLRW 2.6 6.4 ± 0.23 1.7 + 0.15 

C6ML3-U 1 YA-w— - 3.6 6.1 + 0.15 2.2 ± 0.08 

A, Mutants isolated after the third round of selection; B, mutants isolated after the 
fourth round of selection. The entire V L CDR3 of C6.5 is shown, with the residues 
subjected to mutagenesis (89 to 95b) underlined. A™, and koii were measured by SPR in 
a BIAcore, and the K* calculated. Dashes indicate sequence identity; F, Frequency of 
isolated scFv. Numbering is according to Kabat et al. (1987). 

'scFv obtained after elucion with 100 mM HQ or 100 mM triethylamine. 
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loop, or in packing on the V H domain. Residues 
A89, W91, and D92 are identical in both C6.5 and 
KOL (Marquart et al., 1980), with conservative 
substitutions A90S and G96A observed at the other 
two positions in KOL, consistent with a structural 
role. In the model of C6.5, G95b is in a turn and 
A89, A90, and W91 are either buried or pack against 
the V H domain at the V H -V L interface (Figure 1). 
Hydrogen bonds between V X D92 and V x S27a and 
V x N27b bridge L3 and LI to stabilize the L3 and LI 
conformations. 



Mutation of C6ML3-9 scFv V H CDR3 

Library construction and selection 

To further increase the affinity of C6.5, we chose 
to mutate the V H CDR3 of the highest affinity scFv 
(C6ML3-9, X d = 1.0xlO- 9 M) isolated from the 
C6VLCDR3 library, rather than mutate C6.5 V H 
CDR3 independently and combine mutants. This 
sequential approach was taken since the kinetic 
effects of independently isolated antibody fragment 
mutations are frequently not additive (Yang et ah, 
1995; Schier et al, 1996b). Due to the length of the 
C6.5 V H CDR3 (20 amino acids), a high resolution 
functional scan was performed on C6.5 scFv in an 
attempt to reduce the number of amino acids 
subjected to mutation. Residues 95 to 99, 100a to 
lOOd, and lOOg to 102 were separately mutated to 



alanine, and the K& of the mutated scFv determined. 
Residue lOOf (alanine) was not studied. Residues 
100 and lOOe are a pair of cysteines residues 
separated by four amino acids. A homologous 
sequence in KOL (Marquardt et al., 1980) results in 
a disulfide bond between the two cysteine residues 
and a four residue miniloop. Therefore the two 
cysteine residues were simultaneously mutated to 
serine. Results of the alanine scan are shown in 
Table 3. No detectable binding to c-erbB-2 ECD 
could be measured by BIAcore for C6.5H95A, 
C6.5W100hA, and C6.5E100jA. Three additional 
alanine mutants (G98A, YlOOkA, and F1001A) 
yielded scFv with 20-fold to 100-fold higher Ka than 
wt scFv. Substitution of the two cysteine residues 
by alanine (100, lOOe) yielded an scFv with a 
17.5-fold higher Kd, and a much faster ha 
(1,38 x 10- 1 s~ T ) than wt C6.5. The remainder of the 
alanine substitutions yielded only minor (0.5 to 
3.7-fold) increases or decreases in 

Based on the results of the alanine scan and a 
model of C6.5 based on the Fab KOL (Marquardt 
et al, 1980), residues H95, C100, and ClOOe were 
not mutated due to their probability of having an 
important structural role. H95 is likely to be buried 
at the Vh-Vl interface where it makes critical 
packing contacts with the V L domain. The two 
cysteine residues also are likely to have a structural 
role in maintaining the rniniloop conformation. 
WlOOh was also not mutated given the unique 
features of tryptophan in antibody combining sites 
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(Mian et a\., 1991). The remaining 16 amino acids 
were completely randomized four residues at a 
time in four separate C6VHCDR3 libraries (96 to 99, 
library A; 100a to lOOd, library B; lOOf, lOOg, lOOi, 



and lOOj, library C, and 100k to 102, library D; see 
Table 4). After transformation, libraries were 
obtained with sizes 1.7 xlO 7 (library A), 1.3x10" 
(library B), 3.0 xlO 6 (library C), and 2.4 xlO 7 



D93 



L9S 





B V 




Figure 1. Model of the location of mutations in V* CDR3. The location,of mutations present in higher affinity scFv 
isolated from the V L CDR3 library were modeled on the structure of the Fab fragment of the immunoglobulin KOL 
(Marquart et al, 1980). A, Vx domain of KOL, rotated to view the four fl-strands (yellow) that pack on the V H domain 
at the Vh-Vl interface. V L CDR3 residues which are conserved in mutant scFv are shown in green (A89, A90, W91, 
D92, and G 95b) and those that are not conserved and modulate affinity are shown in red (D93, S94, L95, and S95a). 
CDR3 residues which are contributed by the joining (J) gene segment were not mutated and are shown in blue (W 
96 and V 97). Framework residues comprising the four p-strands that pack at the V H -V L interface are shown in yellow. 
Conserved residues extend the 0-strands, while non-conserved amino acids form a four-residue loop. B, Same view 
as A, but with side-chains represented in space filling format Side-chains of conserved residues (A89, A90, W91) pack 
directly or indirectly at the V H -V L interface. Non-conserved residues have solvent accessible side-chains. C, View from 
above, looking down on the antibody combining site. The V H domain is dark blue (right) and the V L domain is light 
gray (left). V H CDR1, V H CDR2, Vl CDR1, and V L CDR2 are colored magenta. Conserved V L CDR3 residues (green) 
are buried, at the Vh-V l interface, and by the V H CDR3 (dark gray) except for a portion of the side-chain of W91. 
Non-conserved residues (red) have solvent accessible side-chains, with D93, the most frequently mutated residue, 
located in the center of the binding pocket. 
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Table 3. Binding kinetics of C6.5 V H CDR3 mutants obtained by alanine 
scanning 





Kj(mutant)/ 








bcr» ClUHt: 




(10 s M) 


(10" M 1 s" 1 ) 


(10"" s"' ) 


C6.5H95A 


N'B 


SB 


N'B 


NB 


C6.5D96A 


2.8 


4.5 


2.2 ± 0.34 


1.0 ± 0.02 


C6.5V97A 


3.0 


4.8 


3.1 ± 0.62 


1.5 ± 0.02 


C6.5G98A 


19.8 


31.7 


4.1 ± 0.71 


13 ± 0.55 


C6.5Y99A 


3.7 


5.9 


9.0 ± 0.17 


5.3 ± 0.07 


C6oC100S/C100e5 


17.3 


28.0 


5.0 ± 0.25 


13.8 ± 0.71 


C6.5S100aA 


1.8 


2.8 


4.7 + 0.55 


1.3 ± 0.04 


C6.5S100bA 


2.9 


4.7 


3.4 ± 0.49 


1.6 ± 0.07 


C6.5Sl00cA 


1.5 


2.4 


4.5 ± 0.62 


1.1 + 0.03 


C6.5N100dA 


1.8 


2.9 


4.1 ± 0.34 


1.2 ± 0.05 


C65K100gA 


0.6 


0.98 


4.3 ± 031 


0.42 ± 0.01 


C6.5W100hA 


NB 


NB 


NB 


NB 


C6.5P100iA 


0.6 


1.0 


10.5 ± 0.12 


1.1 ± 0.02 


C6.5E100jA 


NB 


NB 


NB 


NB 


C6.5Y100kA 


101.0 


161.6 


0.73 ± 0.07 


11.8 ± 0.25 


C6.5F100IA 


28.4 


45.4 


1.1 ± 0.13 


5.0 + 0.06 


C6.5Q101A 


0.5 


0.82 


12.0 ± 0.02 


0.98 ± 0.02 


C6.5H102A 


1.2 


1.9 


5.9 ± 0.57 


1.1 ± 0.02 



Amino acid residues 95 to 99, 100a to lOOd, and lOOg to 102 of C6.5 V H CDR3 
were mutated to alanine using site-directed mutagenesis. Cysteine residues, C100 
and ClOOe, were simultaneously mutated to serine. k tm , and k,»< were measured 
by SPR in a BIAcore, and the Kj calculated. Numbering is according to Kabat ct nl. 
(1991). NB, no binding. 



(library D). The mutant phage antibody libraries 
were designated C6VHCDR3 libraries A, B, C, and 
D. PCR screening revealed that 30 of 30 randomly 
selected colonies from each library had full length 
insert and diversity was confirmed by sequencing 
ten unselected clones from each library (results not 
shown). Prior to selection, the percentage of clones 
expressing scFv which bound c-erbB-2 ECD by 
ELISA was 1% for C6VHCDR3 library A, 57%, 
library B, 2% library C, and 3% library D. The 
C6VHCDR3 libraries A, B, C, and D were selected 
on biotinylated c-erbB-2 ECD as described above 
and by Schier et at. (1996b), but using lower antigen 
concentration. The first round of selection was 
performed using 5.0 x 10" 9 M c-erbB-2 ECD, tenfold 
lower than for the first round of selection of the 
C6VLCDR3 library. This concentration was chosen 
because the parental scFv for these libraries 
(C6ML3-9) had a greater than tenfold lower K d than 
the parental clone for the C6VLCDR3 library (C6.5). 
Biotinylated c-erbB-2 ECD concentration was then 
decreased 100-fold for the second round of selection 
(5.0 x 10"" M) and tenfold for the third and fourth 
rounds (5.0 x 10" 12 M and 5.0 x 10~ 13 M). As for the 
C6VLCDR3 library, the rate of binding of poly- 
clonal phage was measured in a BIAcore to 
determine the antigen concentration used for the 
subsequent round of selection (Schier & Marks, 
1996). 

Characterization of mutant scFv 

After four rounds of selection, positive clones 
were identified by ELISA and at least 24 scFv from 
the fourth round of selection were ranked by k 0 u 
using SPR in a BIAcore. The ten scFv with the 
lowest k oii from C6VHCDR3 libraries A, C, and D 



were sequenced. Due to the diversity of isolated 
scFv in C6VHCDR3 library B, 48 scFv were ranked 
by k 0 n using SPR, and 22 clones with the lowest k 0 u 
were sequenced. scFv were purified by IMAC, 
followed by gel filtration to remove any dimeric or 
aggregated scFv. The k ont and Ku were determined 
by BIAcore and the K d calculated. Very different 
results were obtained from the four libraries with 
respect to the number of higher affinity scFv 
isolated, and the value of the highest affinity scFv. 
The best results were obtained from library B 
(Table 4). Fifteen scFv were isolated with a IQ lower 
than wt C6ML3-9 and no wt sequences were 
observed. The best scFv (C6MH3-B47) had a 
Kd = l.lxl0- ,o M, ninefold lower than C6ML3-9 
and 145-fold lower than C6.5. The k of{ of this scFv 
was 7.5 x 10" 5 s'\ tenfold lower than C6ML3-9 and 
84-fold lower than C6.5. While a wide range of 
sequences was observed, a subset of scFv had 
the consensus sequence TDRT (first eight scFv, 
Table 4, library B). The consensus sequence is 
identical with the sequence of C6MH3-B1, which is 
the scFv with the lowest k 0 u (6.0 x 10" 5 s^ 1 ). Five scFv 
were isolated that had a Ku 2.5 to 3.75-fold lower 
than C6ML3-9, however expression levels were 
too low to obtain adequate purified scFv for 
measurement of the K< (last five sequences, Table 4, 
library B). 

The next best results were obtained from library 
D (Table 4, library D). Five higher affinity scFv were 
isolated, with the best having a K d sevenfold higher 
than wt C6ML3-9. An additional scFv was isolated 
that had a k 0 ({ lower than wt scFv, however the 
expression level was too low to obtain adequate 
purified scFv for measurement of the K d (last 
sequence, Table 4, library D). There was selection 
for a consensus mutation of YlOOkW and replace- 
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C65 

V H CDR3 lil 

C6ML3-9 (v 

C6MH3-A2 

C6MH3-A3 

Vh CDR3 li! 

C6ML3-9 (v 

C6MH3-B47 

C6MH3-B1 

C6MH3-B3S 

C6MH3-B46 

C6MH3-B11 

C6MH3*5 

C6MH3-B41 

C6MH3-B2 

C6MH3-B2C 

C6MH3-BK 

C6MH3-B2! 

C6MH3-B21 

C6MH3B2: 

C6MH3-B9 

C6MH3-B1! 

C6MH3-B* 

C6MH3-B4: 

C6MH3-B4* 

C6MH^B3: 
C6MH3-B3: 
V H CDR3 li 
C6ML3-9 (\ 
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C6MH3-C3 
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ment of F100I with hydrophobic methionine or 
leucine. 

No higher affinity scFv were isolated from either 
the A or C libraries. From library A, 3/10 scFv were 
wt, with one higher affinity scFv, a contaminant 
from library B. A single mutant scFv with the 
conservative replacement of Y99F had an apparent 
itoff 2.5 times lower than wt, but expression levels 
were too low to obtain adequate purified scFv to 
measure the K d . From library C, 8/10 scFv were 
wt scFv, with one higher affinity scFv having 
mutations located in the V H and V L genes, but not 
in the region intentionally mutated. The isolated 
mutant scFv KlOOgV had a Kj 2.7-fold lower than 
wt (fcrff 3.8-fold lower than C6ML3-9). 

Ability of alanine scanning to identify residues 
which modulated affinity 

Residue ElOOj, the only residue that when 
converted to alanine had no detectable binding, 



was 1007c conserved. Otherwise, there was no 
correlation between the frequency with which the 
wt amino acid was recovered and the extent to 
which binding was reduced by substitution to 
alanine (Figure 2). Similarly, there was no correla- 
tion between residues shown to modulate affinity 
by alanine scanning and mutations exhibiting 
improved binding. This is clear when comparing 
the results obtained from library B (where no 
alanine mutant had more than a 2.9-fold increase 
in Kj) and library D (where K d was markedly 
increased for two alanine mutants, YlOOkA and 
F1001A). Despite the different alanine scan results, 
both libraries yielded similar nine- and sevenfold 
increases in affinity. This result appears to be 
different from the results of Lowman & Wells 
(1993), who found a mild (R 2 = 0.71) positive 
correlation between the frequency with which the 
wt amino acid was recovered from a phage library 
of human growth hormone mutants and the extent 
to which binding was reduced by alanine scanning. 



Table 4. Sequences, affinities and binding kinetics of scFv isolated from heavy chain CDR3 libraries A, B, C, and D 



Clone 



Vh CDR3 sequence 



Other 








mutations 


(10- m M) 


00 5 M-' s"') 


(lO^s- 1 ) 




160.0 


4.0 + 0.20 


.63.0 ± 0.60 




10.0 


7.6 ± 0.20 


7.6 ± 0.30 




nd 


nd 


2.9 ± 0.03' 




2.5 


9.9 ± 0.52 


2.5 ± 0.47 




10.0 


7.6 ± 0.20 


7.6 ± 0.30 




1.1 


6.7 + 0.63 


0.75 ± 0.04 




1.2 


5.0 ± 0.24 


0.60 ± 0.06 




1.8 


10.7 ± 0.84 


1.9 ± 0.29 




2.3 


5.6 + 0.35 


1.3 i 0.01 




3.0 


7.7 ± 0.41 


2.3 ± 0.08 




3.4 


6.8 + 0.39 


2.3 + 0.07 




5.3 


5.1 + 0.27 


2.7 ± 0.02 




5.8 


5.5 ± 0.38 


3.2 ± 0.08 




1.4 


11.3 ± 1.29 


1.6 ± 0.36 




2.0 


8.0 ± 0.48 


1.6 ± 0.40 




2.3 


8.3 ± 0,54 


1.9 ± 0.32 




2.6 


9.1 ± 0.57 


2.4 ± 0.23 




4.7 


8.5 ± 0.36 


4.0 ± 0.47 




4.6 


72 + 0.36 


3.3 ± 0.43 




5.9 


5.1 + 0.49 


3.0 + 0,06 


VL Q1R 


nd 


nd 


2.0 ± 0.04* 


nd 


nd 


2.6 ± 0.04* 


VH K23Q 


nd 


nd 


2.8 ± 0.03' 


VH V76G 










nd 


nd 


2.8 ± 0.04- 


VL P7L 


nd 


nd 


2.9 ± 0.04' 




10.0 


7.6 ± 0.20 


7.6 ± 0.30 




3.7 


5.4 ± 0.94 


Z0 ± 0.21 


VH G15E 


6.5 


4.9 ± 0.57 


3.2 ± 0.01 



C6.5 

Vh CDR3 library A 

C6ML3-9(wt) 

C6MH3-A2 

C6MH3-A3 

V H CDR3 library B 

C6ML3-9 (wt) 

C6MH3-B47 

C6MH3-B1 

C6MH3-B39 

C6MH3-B48 

C6MH3-B11 

C6MH3-B5 

C6MH3-B41 

C6MH3-B2 

C6MH3-B20 

C6MH3-B16 

C6MH3-B25 

C6MH3-B21 

C6MH3-B27 

C6MH3-B9 

C6MH3-B15 

C6MH3-B34 

C6MH3-B43 

C6MH3-B46 

C6MH3-B33 

C6MH3-B31 

V H CDR3 library C 

C6ML3-9 (wt) 

C6MH3-C4 

C6MH3-C3 

V H CDR3 library D 

C6ML3-9 (wt) 

C6MH3-D2 

C6MH3-D3 

C6MH3-D6 

C6MH3-D5 

C6MH3-D1 

C6MH3-D7 



— HDVGYCSSSNCAKWPEYFQH 



-DVGY- 
F- 



--SSSN- 
--TDRS- 
--TDRT- 
--TDPT- 
--TDPS- 

DRS- 

--TDAT- 
--TDRP- 
— TDPR- 

PAR- 

--ADVR- 
--LTTR- 
--TTPL- 
--KN-R- 
--KTAA- 
--E--R-- 
--QTDR- 
— EDYT- 
--TTPR-- 



--DQT- 
-DDYT- 



AKWPE- 

V 



VL N54D 



-YFQH 




10.0 


7.6 + 0.20 


7.6 ± 0.30 






1.4 


8.3 ± 0.38 


1.2 ± 0.02 


-WLDN 




2.7 


7.4 ± 0.35 


2.0 ± 0.25 


-WMYP 




3.5 


5.2 ± 0.18 


1.8 ± 0.01 


-V7M-M 




5.8 


3.6 ± 0.21 


2.1 + 0.02 


-VILKV 




7.5 


3.6 ± 0.04 


2.7 + 0.04 


-WQDP 


VL N54S 


nd 


nd 


3.1 ± 0.09* 



and JU were determined in a BIAcore using purified scFv, and Kj calculated. Dashes indicate sequence identity. Mutations 
arising from PCR error and located outside V H CDR3 are listed under the heading other mutaHons. F, frequency of isolated scFv. 
* determined from unpurified scFv samples. — — — — — ^— 
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In (frequency of wt from phage) 

Figure 2. Relationship between the frequency with 
which a wild-type amino acid is recovered from V H CDR3 
phage antibody libraries and the extent to which binding 
is reduced when the residue is converted to alanine. The 
relative change in binding affinity from wt for alanine 
substitutions is plotted as In [ JCd (Ala mutant) /IQ (C6.5)]. 
Data for residue NIOOd could not be used- because the wt 
residue was not recovered at this position. Data for 
residue ElOOj could not be used because no binding could 
be detected. No correlation exists between the frequency 
with which a wt amino acid is recovered from Vh CDR3 
phage antibody libraries and the extent to which binding 
is reduced when the residue is converted to alanine. 



In addition, their largest improvements in affinity 
were for those residues shown by alanine scanning 
to significantly affect binding. The reason for 
the different results is unclear, however in two 
of our V H CDR3 libraries where alanine 
scanning indicated a significant effect on binding 
(library A and C), expression levels of mutants 
were generally low. This could have affected the 
selection results. 



Correlation between affinity and cell surface 
retention of scFv 

The retention of biotinylated C6.5, C6ML3-9, 
and C6MH3-B1 scFv on the surface of SK-OV-3 
cells expressing c-erbB-2 was determined, both to 
verify the observed differences in fa, and to 
confirm that the antigen as presented in the 
BIAcore had biologic significance. The half life 
(fi/2) of the scFv on the cell surface was much less 
than five minutes for C6.5, 1 1 minutes for C6ML3-9, 
and 102 minutes for C6MH3-B1 (Figure 3). These 
values agree closely with the fi /2 calculated from 
the fa as determined by SPR in a BIAcore (1.6 
minutes for C6.5, 13 minutes for C6ML3-9, and 135 
minutes for C6MH3-B1; Figure 4). The anti-digoxin 
scFv 26-10 (Huston et aL, 1988) was used as 




C6MH3-B1 



15 30 '45 60 75 90 105 120 
Time (min) 

Figure 3. Cell surface retention of wild-type and 
mutant scFv. Retention of biotinylated C6.5 (fa = 6.3 
xl0-3s~ l ) on the surface of c-erbB-2 expressing 
SK-OV-3 cells was determined by FACS and compared 
to the retention of C6ML3-9 (fa = 7.6 x 10 ^s" 1 ) and 
C6MH3-B1 (fa = 6.0 x 10 ~ s s" 1 ). The half life (t m ) of the 
scFv on the cell surface was much less than five minutes 
for C6.5, 11 minutes for C6ML3-9, and 102 miniates for 
C6MH3-B1. These values agree closely with the i\ n 
calculated from the fa as determined by SPR in a 
BIAcore (1.6 minutes for C6.5, 13 minutes for C6ML3-9, 
and 135 minutes for C6MH3-B1; Figure 4). 



negative control, and no binding to c-erbB-2 ECD in 
a BIAcore or to c-erbB-2 on SK-OV-3 cells was 
observed. 




150 300 450 600 750 900 1050 1200 1350 1500_ 
Time(s) 

Figure 4. Dissociation of wild-type and mutant scFv 
from a c-erbB-2 ECD coupled sensor chip in a BIAcore. 
Overlay plot of sensorgrams of the association and 
dissociation of C6.5, C6ML3-9, and C6MH3-B1 scFv to a 
c-erbB-2 coupled sensor chip in a BIAcore. The decrease 
in fa which accounts for the majority of the increase in 
Xd correlates closely with the t V2 of retention on SK-OV-3 
cells (Figure 3). Sensorgrams were positioned so that 
the amount (RU) of scFv bound at the beginning of 
dissociation was superimposed. For this Figure, 
5.0x10-^ scFv were injected over a BIAcore flow cell 
coated with 100G RU of c-erbB-2 ECD under a constant 
flow of 25 ul/ minute. scFv were allowed to dissociate for 
a time period of 15 minutes. (1) Injection of scFv and 
beginning of the association phase. (2) End of the 
association phase, beginning of the dissociation phase, 
a, C6.5; b, C6ML3-9; c, C6MH3-B1. 
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Table 5. Binding kinetics of scFv derived from C6.5 V L CDR3, V H CDR3 and light chain 
shuffled mutants __ 



Clone 



(10- ,0 M) 



(lO-V M"') 



(lCr^s- 



Ki (parent)/ 
Kd (mut) 



Kd (C6.5)/ 
Kd (mut) 



AAGi 
(kcal/mol) 



A. Combined mutants: C6MU-9 or C6MU-12 with light chain shuffled C6L1 
C6-9L1 3.3 9.2 ± 0.20 3.0 ± 0.40 3.0 

C6-12L1 1.9 6.7 ±0.12 1.3 ± 0.32 8.4 



49 
84 



B. Combined mutants: C6MH3-B1 or C6MH3-B47 with light chain shuffled C6U 
C6-B1L1 6.3 3.8 + 0.19 2.4 ± 0.01 0.19 25 

C6-B47L1 6.0 3.0 ± 0.16 1.8 ± 0.01 0.18 27 



C. Combined mutants: C6MH3-B1 or C6MH3-B47 with D library mutants 



C6-B1D1 
C6-B1D2 
C6-B1D3 
C6-B1D5 
C6-B1D6 
C6-B47D1 
C6-B47D2 
C6-B47D3 
C6-B47D5 
C6-B47D6 



0.32 
0.15 
0.13 
0.35 
0:32 
0.68 
0.44 
0.48 
0.63 
0.51 



4.7 ± 0.31 
6.9 ± 0.42 
6.4 ± 0.20 
5.1 ± 0.36 
4.1 ± 0.17 

7.1 ± 0.95 

9.8 ± 0.72 
6.6 ± 0.26 

6.2 ± 0.31 

5.9 ± 0.30 



0.15 ± 0.005 
0.10 ± 0.014 
0.08 ± 0.002 
0.18 ± 0.001 
0.13 ± 0.002 
0.48 ± 0.001 
0.43 ± 0.001 
0.32 ± 0.001 
0.39 ± 0.002 
0.30 ± 0.001 



3.8 
8.0 
9.2 
3.4 
3.8 
1.6 
2.5 
2.3 
1.7 
2.2 



500 
1067 
1231 
457 
500 
235 
364 
333 
254 
314 



+0.42 
-0.18 

+0.43 
+0.45 

-0.61 
-0.07 
-0.53 
-0.40 
-0.16 
-0.11 
+0.62 
+0.29 
-0.01 
+0.17 



A, Mutants produced by combining the V L CDR3 of C6ML3-9 or C6ML3-12 with the V L gene of 
the C6.5 light chain shuffled scFv, C6L1 (Schier et al., 1996b). B, Mutants produced by introducing 
mutations in FR1 to FR3 of C6L1 light chain into C6MH3-B1 or C6MH3-B47 C, Mutants obtained 
by combining mutations of C6MH3-B1 or C6MH3-B47 with mutations from D library clones ; <D1, D2, 
D3 D5, D6) Jkon, and k 0 u were measured by SPR in a BIAcore, and the Kd calculated. AAGi were 
calculated as by Lowman & Wells (1993), and Cunningham & Wells (1993). 



Effects on binding kinetics by combining 
mutations from high affinity scFv 

To further increase affinity, the sequences of the 
two highest affinity scFv obtained from the V H 
CDR3B library (C6MH3-B1 or C6MH3-B47) were 
combined with the sequences of scFv isolated from 
the C6VHCDR3D library (C6MH3-D1, -D2, -D3, 
-D5, or -D6). An increase in affinity from wt was 
obtained for all these combinations, yielding an 
scFv (C6-B1D3) that had a 1230-fold lower Kd than 
wt C6.5 (Table 5). The extent of additivity varied 
considerably, however, and could not be predicted 
from the parental k on , ha, or K*. In some 
combinations, cooperativity was observed, with a 
negative A AG. Additional combinations were 
made between a previously described light chain 
shuffled C6.5 mutant (C6L1, sixfold decreased Kd; 
Schier et al., 1996b) and one of two V L CDR3 
mutants (C6ML3-9 and C6ML3-12). These combi- 
nations yielded scFv with 49 and 84-fold improved 
affinity (Table 5). Introducing the same rearranged 
V L gene into the highest affinity V H CDR3 mutants 
(C6MH3-B1 or C6MH3-B47) resulted in decreased 
affinity compared to C6MH3-B1 (Table 5). A similar 
effect was described in previous work (Schier et al., 
1996b) when rearranged V L and V H genes from high 
affinity chain shuffled scFv obtained from parallel 
selection were combined. 



Discussion 

Ultra-high affinity scFv were engineered by 
diversifying the CDRs that comprise the center of 
the antibody combining site. Sequential diversifica- 
tion of V L and V H CDR3 yielded scFv with up to a 



145-fold increase in affinity (Kd = 1.1 x 10' 10 M). 
Combination of these mutations with indepen- 
dently selected mutations located elsewhere in V H 
CDR3 yielded an additional ninefold increase in 
affinity (Kd = 1.3 x 10"" M). The scFv were pro- 
duced without any immunization and have higher 
affinity than any antibody fragments engineered 
in vitro. The results illustrate the power of diversity 
libraries and phage display to produce antibody 
fragments with affinities rarely achieved by 
immunization (Foote & Eisen, 1995) and have 
important implications for the design of mutant 
phage antibody libraries. Moreover, the availability 
of such high affinity antibody fragments may have 
important consequences for antibody based tumor 
targeting. 

Accuracy of affinity measurements 

The validity of our results depends on the 
accuracy of the measured affinities, which were 
calculated from fco„ and ktf determined by BIAcore. 
To verify that differences in were not due to 
differences in the irnmunoreactivity of the purified 
scFv, the concentration of functional scFv was 
determined by measuring the binding rate to 
o-erbB-2 ECD under mass transport limited 
conditions (Karlsson et al, 1993; Schier et al., 1996b). 
Since increases in affinity were largely due to a 
decrease in *<,«, precautions were taken to avoid the 
introduction of artifact into these measurements 
(Nieba et al, 1996). Purified scFv were gel filtered 
immediately prior to measurement, to avoid 
avidity from dimeric or aggregated antibody 
fragment (Schier et al., 1996b), and analytical gel 
filtration was performed after measurement of kff 
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to confirm the absence of aggregated material. To 
minimize the probability of rebinding, k 0 u was 
measured using a high flow rate and a scFv 
concentration that resulted in near saturation of the 
chip surface. The amount of c-erbB-2 ECD coupled 
to the chip surface was the lowest amount that gave 
an adequate binding response (100 to 150 RU) for 
accurate kinetic measurement. In our experience, 
using the minimal amount of coupled antigen is the 
single most important parameter for preventing 
rebinding. Using these experimental conditions, 
we were unable to detect any evidence of rebind- 
ing when k»n was measured in the presence of 
5xlO" 7 M c-erbB-2 ECD in the running buffer. 
Furthermore, the affinity of C6.5 previously 
determined by Scatchard after radiolabeling 
(2.0 x 10 -8 M, Schier et al, 1995) agrees closely with 
the value determined by BIAcore (1.6 x 10" 8 M). The 
Ku of CDR3 mutants determined by cell surface 
retention of biotinylated scFv also agrees closely 
with ha measured by BIAcore. Engineering further 
increases in affinity is likely to require a different 
technique for affinity measurement, since the 
binding kinetics of the highest affinity scFv are near 
the limit of measurement using SPR in a BIAcore 
(Jton > 10" M" 1 s- 1 and for < 10" 3 s*; Malmqvist, 1993). 
Determining k oi t below lO^s" 1 is difficult due to 
the small amount of analyte dissociating (1% in 
17 minutes), the background noise, and disturb- 
ances from the pumps and valves of the flow 
system. Determination of Kj in the BIAcore using 
competition experiments (Nieba et al, 1996) will 
also be limited by instrument sensitivity. 

Design of mutant antibody libraries 

When designing a mutant phage antibody 
library, decisions must be made as to how and 
where to introduce mutations. Mutations can be 
randomly introduced, using either chain shuffling 
(Clackson et al, 1991; Marks et al, 1992), error 
prone PCR (Hawkins et al, 1992), or mutator strains 
(Low et al., 1996), thus apparently mimicking the 
process of somatic hypermutation. These ap- 
proaches have yielded large increases in affinity for 
hapten antigens (>1 00-fold; Low et al, 1996; Marks 
et al, 1992), but results with protein binding 
antibody fragments have been more modest 
(<tenfold; Hawkins et al, 1992; Schier et al., 1996b). 
Moreover, the relatively random distribution of 
mutations in higher affinity clones provides little 
useful information as to where to direct additional 
mutations. Alternatively, knowledge of the general 
structure of the Fv fragment and its complexes with 
antigen can be used to direct mutagenesis to the 
CDRs that form the contact interface between 
antibody and antigen. 

Targeting mutations to the CDRs has previously 
been shown to be an effective technique for 
increasing antibody affinity. Yang et al. (1995) 
increased the affinity of an anti-HIV gpl20 Fab 
420-fold (Kd = 1.5 x l<r" M) by mutating four CDRs 
in five libraries and combining independently 



selected mutations. We achieved three times that 
increase in affinity by mutating a much smaller 
portion of the antibody combining site contained 
within only two CDRs. Our results may be partly 
due to the'stringent selection conditions used and 
the techniques used to monitor selections and 
screen for higher affinity scFv without the need for 
purification. However, the results also suggest that 
focusing mutations in V H and V L CDR3 may be a 
more efficient means to increase affinity. 

Directing mutations into V H and V L CDR3 to 
increase affinity may initially seem at odds with 
studies on antibody structure and function. 
Although 15 to 22 amino acids located in loops 
within the CDRs typically contact antigen (Davies 
et al., 1990), free energy calculations and mutational 
analysis indicate that only a small subset of the 
contact residues contribute the majority of the 
* binding energy (Hawkins et al., 1993; Kelley & 
O'Connell, 1993; Novotny et al., 1989). The high 
energy contact residues are more frequently located 
in the center of the antibody combining sites in the 
V H and V L CDR3s. Thus, mutation of V H and V L 
CDR3 is more likely to destroy high affinity 
contacts than mutation of other CDRs. However, 
these residues will be recreated, albeit at low 
frequency, given an adequate library size for the 
number of residues randomized. Mutant residues 
could increase affinity by introducing new contact 
residues (Alzari et al., 1990) or by replacing low 
affinity (Novotny et al., 1989; Kelley & O'Connell, 
1993) or "repulsive" contact residues (Novotny 
et al., 1989) with contact residues with more 
favorable energetics. It appears, however, that 
many mutations introduced either by somatic 
hypermutation in vivo (Sharon, 1990) or mutagene- 
sis in vitro (Hawkins et al., 1993) exert their affect on 
affinity indirectly, in many instances by precisely 
positioning the side-chains of contact residues for 
optimal electrostatic, hydrogen bonding, and van 
der Waals interactions (Mian et ai., 1991). Mutation 
of non-contact CDR residues located close to high 
energy contact CDR residues may be more likely to 
exert this indirect effect. The importance of the 
CDR3s as sites for mutagenesis is also supported by 
the work of Yang et al. (1995) who created separate 
libraries of V L CDR1, V L CDR3, V H CDR1, and V H ; 
CDR3 mutants. The largest increases in affinity 
were 7.9 and 7.7-fold from sequential mutation of 
two separate regions of V H CDR3, resulting in a 
63-fold increase in affinity over wt Fab. Mutation of 
V L CDR3 resulted in the next largest increase in 
affinity over wt (5.6-fold). 

Directing mutations into V H and V L CDR3 to 
increase affinity may also appear to be different 
from the locations where mutations are directed 
and accumulate during somatic hypermutation 
in vivo. Germline diversity is greatest in the center 
of the antibody combining site (Tomlinson et al., 
1996), particularly V H and V L CDR3, where 
tremendous sequence diversity is generated by 
recombination, N segment addition, and joining 
diversity. Somatic hypermutation extends sequence 
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diversity to CDR residues located more peripher- 
ally in 'the antibody combining site (Tomlinson 
et aL, 1996). On closer inspection, however, striking 
similarities exist between our results and somatic 
hypermutation in vivo. Nucleotide substitutions 
in vivo are not targeted randomly, but rather occur 
at specific sequence hotspots intrinsic to the 
mutational process, for example at serine residues 
encoded bv the nucleotides AGY but not at serine 
residues encoded by TCN (Betz et aL, 1993; 
Reynaud et aL, 1995). Serine residues encoded by 
AGY have previously been shown to predominate 
over those encoded by TCN in CDR1 and two of the 
V H domain and CDR1 of the V* domain, but not in 
the frameworks (Betz et aL, 1993; Wagner et aL, 
1995). The germline gene segments encoding the V K 
and V). CDR3s are similarly biased to contain a high 
proportion of AGY serine (Figure 5). The CDR3 
AGY/TCN ratio is 9.7 for the V, gene segments and 
5.4 for the V> gene segments. These values are 
comparable to the AGY/TCN ratios observed for 
V H CDR1 (20.3), V H CDR2 (2.28), and V* CDR1 
(8.75) and are greater than values observed for 
framework residues (0.3 to 0.67; Wagner et aL, 
1995). Thus the sequences encoding the V L CDR3 
have evolved to be targets of the somatic 
hypermutation machinery. Accordingly, an exten- 
sive analysis of the location of mutations intro- 
duced by somatic hypermutation into the germline 
V« genes identified CDR3 as a frequent site of 
mutagenesis (Tomlinson et aL, 1996). Within V« 
CDR3, residues 89 to 91 are most conserved, with 
the highest frequency of mutation observed at 
residue 93 (Tomlinson etaL, 1996). Similarly, during 
in vitro affinity maturation of the C6.5 V>. CDR3, we 
observed conservation of residues 89 to 92, and 95b 
(this work) and 96 (Schier et aL, 1996a). In contrast, 
substitution occurred at residues 93 to 95a, with the 
highest frequency of mutation at residue 93. The 
location of mutations parallels exactly the distri- 
bution of AGY serine residues within the germline 
V>. CDR3 genes (Figure 5). 

Such a detailed analysis is more difficult for V H 
CDR3, since germline D gene segment assignment 
is frequently not possible, and the V H CDR3 loop 
cannot be accurately modeled. In 33 published D 
gene segments (Kabat et aL, 1991), the ratio of 
AGY/TCN serine residues is 2.5/1, a value closer 
to that observed for CDRs (2.3 to 20.3) than for 
framework residues (0.3 to 0.67). Thus portions of 
the V H CDR3 also appear to be targets for somatic 
hypermutation in vivo. In the case of the C6.5, the 
sequence motif CSSSNC located within the V H 
CDR3 is encoded by the germline D gene segment 
Dl (Kabat et aL, 1991) which encodes the sequence 
CSSTSC. In the germline gene, all three serine 
residues are encoded by AGY and in C6.5 these 
three residues were hotspots for substitutions 
which increased affinity. Moreover, an extremely 
wide range of amino acid residues were tolerated 
between the two cysteine residues, as evidenced by 
the alanine scan results and the fact that 57% of 
unselected scFv bound antigen. In contrast, only 1 




T 1 1 — I — ! — I — T 

§ 89 90 91 92 93 94 95 



CQ 
0) 

2 



10- 



V x gene segments 




n — i — i — i — i — i — i — i r 

89 90 91 92 93 94 95 95a 95b 
Amino Acid Residue Number 



Figure 5. Frequency of serine encoded by AGY or TCN 
in the CDR3s of the V K and germline gene segments. 
The DNA sequences of 50 germline V K genes (Cox et aL, 
1994) and 24 germline V>. genes (Williams & Winter, 1993) 
were analyzed and the serine codon usage (AGY or TCN) 
plotted as a function of residue number within the CDR3 
(residues 89 to 95 for V* and 89 to 95b for. Vx). The 
number of serine residues encoded by AGY are shown by 
filled bars and the number of serine residues encoded by 
TCN by open bars. 

to 2% of unselected scFv from the three other V H 
CDR3 libraries bound antigen. One possible 
explanation is that the disulfide bond formed by the 
cysteine residues stabilizes this region of the V H 
CDR3. Regardless, five of the 33 D gene segments 
encode a CXXXXC or CXXXC (Kabat et aL, 1991) in 
the preferred reading frame (Yamada et aL, 1991; 
Abergel & Claverie, 1991) suggesting that the motif 
has useful properties as a component of the 
primary immune repertoire. If so, then use of 
similar motifs could prove useful in construction of 
semi-synthetic antibody libraries (Hoogenboom & 
Winter, 1992). 

Modeling the location of the observed mutations 
in V L CDR3 on the Fab structure KOL, where the V, 
is derived from the same germline gene as C6.5, 
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suggested a basis for the pattern of conservation 
and substitution we observed. The conserved 
residues appear to have a significant structural role 
in the variable domain, either in maintaining the 
main-chain conformation of the loop, or in packing 
on the V H domain. In our model, the side-chain 
of W91 is buried at the V H -V L interface and by the 
long V H CDR3 of KOL. In other structures, the 
side-chain of V L 91 is at least partially solvent 
accessible, and frequently contacts antigen (Mian 
et aL, 1991; Tomlinson et aL, 1996). In contrast to the 
extensive packing of the side-chains of conserved 
residues, all but one of the four most extensively 
substituted residues appear to have solvent 
accessible side-chains. A similar pattern was also 
observed during parsimonious mutagenesis of C6.5 
V L CDR1 and V H CDR2 (Schier et aL, 1996a). 
Residues within the CDRs with structural roles 
were conserved, while substitutions were largely 
confined to residues with solvent accessible 
side-chains. Analysis of the location of substitutions 
in V H and V L genes mutated in vivo also indicates 
that residues involved in maintaining the main- 
chain conformation rarely undergo non-conserva- 
tive substitution (Chothia et aL, 1992; Tomlinson 
et aL, 1995). 

The previous analysis suggests a mutagenesis 
strategy for efficiently increasing antibody frag- 
ment affinity. Mutagenesis is directed into V L and 
V H CDR3 sequentially, as in this work, rather than 
by parallel evolution of the two CDRs. These two 
CDRs pack on each other, and mutations isolated in 
parallel are likely to not be additive (Yang et aL, 
1995). Mutagenesis is initially directed into V L 
CDR3 due to the limited main-chain conformations 
(Chothia & Lesk, 1987; Tomlinson et aL, 1995) and 
the ability to model the CDR on a homologous Fv 
or Fab structure. Modeling should be used to 
identify CDR residues that are likely to have a 
structural role, either in maintaining the main-chain 
conformation or in packing against the Vh domain. 
These residues are conserved, leaving at most four 
to five residues which can be completely random- 
ized in a reasonably sized library (10 7 to 10 8 
member). The highest affinity V L CDR3 mutant is 
then used as a template for V H CDR3 mutagenesis. 
Given the length of V H CDR3s, it is likely that it will 
not be possible to sample the entire sequence space 
simultaneously. Instead residues are randomized 
four to five at a time, as in this work, and 
independently selected mutations combined. In this 
and previous work (Schier et aL, 1996a), we 
observed complete conservation of the four glycine 
and two tryptophan residues randomized. In the 
CDRs, glycine residues are typically key residues in 
turns, and the chemical properties of tryptophan 
make it a frequent structural or high energy contact 
residue (Mian et aL, 1991). Thus conservation of 
these two residues when randomizing Vh CDR3 
should be considered, if sequence space is limiting. 
Since combination of independently selected mu- 
tations may not be additive, it may be more 
prudent to simultaneously scan all residues at a low 



mutation frequency (parsimonious mutagenesis) 
to identify residues that modulate affinity, and 
structural and functional residues that are con- 
served (Schier et aL, 1996a). Residues identified as 
modulating affinity would then be completely 
randomized in a second library. Alanine scanning 
appeared to be useful only to identify essential 
contact and structural residues, but not for 
predicting which residues would yield higher 
affinity when mutated. If necessary, affinity could 
be increased further by mutating the other CDRs. 
Particularly suitable might be V H CDR1 and V L 
CDR1. These CDRs appear to be more important 
in modulating affinity during in vivo affinity 
maturation, based both on the higher frequency 
of AGY serine in the germline genes (Wagner 
et aL, 1995), and a higher frequency of mutation 
in rearranged genes (Tomlinson et aL, 1996). 
Modeling should be performed to identify struc- 
tural residues to be conserved, and residues with 
solvent accessible side-chains, which would be 
mutated. 



Implications for antibody based tumor targeting 

The availability of scFv with a range of affinities 
for a tumor antigen makes it possible to determine 
the effect of affinity on specific tumor retention. 
While it might appear obvious that retention 
should increase with increasing affinity, it has been 
proposed that a barrier effect exists, such that the 
higher affinity antibodies are trapped at the tumor 
edge (Fujimori et aL, 1990). We have examined the 
effect of C6.5 mutants with affinities ranging 
between 3.2xl0^ 7 M (C6G98A) and l.OxlO^M 
(C6ML3-9) in scid mice bearing human SK-OV-3 
tumors. The percentage injected dose/gram of 
tumor at 24 hours increased from 0.19% for 
C6G98A to 1.42% for C6ML3-9 and the tu- 
monblood ratios increased from 2.6 to 17.2 
(unpublished results). Thus within the range of 
affinities studied, there was a significant increase in 
tumor retention. The magnitude of the 24 hour 
retention, however, is significantly less than the 
values observed for IgG (30% ID/g) in similar 
models. Although an affinity of l.OxKT'M is 
considered high, the ha gives a predicted t m on the 
cell surface of only 13 minutes, much faster than the 
P elimination t\n of the scFv from the mouse 
(2.5 hours). Thus tumor retention is largely depen- 
dent on the rate of clearance from the blood. The 
higher affinity scFv described in this paper have a 
kdf which provide a predicted t l/2 on the cell surface 
of 24 hours, significantly longer than the clearance 
rate from blood. These very high affinity antibody 
fragments, with binding kinetics not previously 
available, offer the possibility of significantly 
greater quantitative tumor retention. The scFv 
could also be used as building blocks to create 
dimeric scFv, with yet higher apparent affinity due 
to avidity, and even greater tumor retention 
(Adams et aL, 1993). 
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Materials and Methods 

Construction of phage antibody libraries 

Mutant scFv phage antibody libraries were constructed 
based on the sequence of C6.5, a human scFv isolated 
from a non-immune phage antibody library which binds 
to the tumor antigen c-erbB-2 with a Kj = 1.6 x 10~ N M 
(Schier el al., 1995). For construction of a library 
containing Vi. CDR3 mutants, an oligonucleotide <V t .l; 
Table 1) was designed which partially randomized nine 
amino acid residues located in V L CDR3 (Table 2). For the 
nine amino acids randomized, the ratio of nucleotides 
was chosen so that the frequency of wt amino acid was 
49%. To create the library, C6.5 scFv DNA (10 ng) was 
amplified by PCR in 50 ul reactions containing 25 pmol 
LMB3 (Marks et at., 1991), 25 pmol VL1, 250 uM dNTPs, 
1.5 mM MgCl : , and 1 ul (five units) Taq DNA polymerase 
(Promega) in the manufacturer's buffer. The reaction 
mixture was subjected to 30 cycles of amplification (94°C 
for 30 seconds, 50°C for 30 seconds and 72°C for one 
minute) using a Hybaid OmniCene cycler. To introduce 
a Not I restriction site at the 3* end of the scFv gene 
repertoire, the PCR fragment (850 bp) was gel purified 
and reamplified using the primers LMB3 and V,2 
(Table 1). The PCR product was purified, digested with 
S/H and Noth and ligated into pC ANT A BSE (Pharmacia) 
digested with Sfii and Notl Ligation mixtures were 
purified as previously described (Schier et <?/., 1996b) and 
aliquots electroporated (Dower et at., 1988) into 50 ul 
E. colilGX (Gibson, 1984). Cells were grown in 1 ml SOC 
(Sambrook et at., 1990) for 30 minutes and then plated on 
TYE (Miller, 1972) medium containing 100 ug ampicillin/ 
ml and 1% (w/v) glucose (TYE-AMP-Glc). Colonies 
were scraped off the plates into 5 ml of 2xTY 
broth (Miller, 1972) containing 100 ug ampicillin/ml, 17r 
(w/v) glucose (2 x TY-AMP-Glc) and 15% (v/v) glycerol 
for storage at -70°C The cloning efficiency and diversity 
of libraries was determined by PCR screening (Gussow 
& Clackson, 1989) exactly as described by Marks et at. 
(1991) and by DNA sequencing (Sanger et at., 1977) The 
mutant phage antibody library was designated 
C6VLCDR3. 

Four libraries of V H CDR3 mutants were constructed. 
For construction of each V H CDR3 library, oligo- 
nucleotides (VHA, VHB, VHC, and VHD; Table 1) 
were designed which completely randomized four 
amino acid residues located in V H CDR3 (amino acid 
residues 96 to 99, library A; residues 100a to lOOd, library 
B; residues 100f, lOOg, 100i, and lOOj, library C; and 
residues 100k to 102, library D; Table 3). To create the 
libraries, DNA encoding the V H gene of C6.5 scFv DNA 
(10 ng) was amplified by PCR in 50 ul reactions 
containing 25 pmol LMB3 (Marks et at., 1991) and 
25 pmol of either VHA, VHB, VHC, or VHD exactly as 
described above. The resulting PCR fragments were 
designated VHA1, VHB1, VHC1, and VHD1, based on 
the mutagenic oligonucleotide used for amplification. 
In four separate PCR reactions, DNA encoding the 
light chain, scFv linker, V H framework 4 (FR4), and 
a portion of V H CDR3 of C6ML3-9 was amplified by 
PCR as described above using the primers C6hisnot 
and either RVHA, RVHB, RVHC, or RVHD (Table 1). 
These amplifications yielded PCR fragments VHA2, 
VHB2, VHC2, and VHD2. The 5' ends of primers RVHA, 
RVHB, RVHC, and RVHD were designed to be 
complementary to the 5' ends of primers VHA, VHB, 
VHC, and VHD, respectively. This complementarity 
permits joining of the VH1 and VH2 PCR fragments 



together to create a full length scFv gene repertoire 
using splicing bv overlap extension. To create the 
mutant scFv gene repertoires, 200 ng of each PCR 
fragment (VHA1 and VHA2, VHB1 and VHB2, VHC1 
and VHC2, or VHD1 and VHD2) were combined in 
50 ul PCR reaction mixtures (as described above) and 
cvcled seven times to join the fragments (94 C C for 
30 seconds, 60°C for five seconds, 40°C for five seconds 
(RAMP: five seconds), 72°C for one minute). After seven 
cycles, outer primers LMB3 and C6hisnot were 
added and the mixtures amplified for 30 cycles (94°C 
for 30 seconds, 50°C for 30 seconds, 72°C for one minute), 
The PCR products were purified as described above, 
digested with Sfii and Notl, and separately ligated 
into pCANTAB5E (Pharmacia) digested with Sfii 
and Notl The four ligation mixtures were purified 
as described above and electroporated into 50 ul E. coii 
TGI. Transformed cells were grown and plated, and 
libraries characterized and stored, as described above. 
The mutant phage antibody libraries were designated 
C6VHCDR3A, C6VHCDR3B, C6VHCDR3C, and 
C6VHCDR3D. 



Preparation of phage and selection of phage 
antibody libraries 

Preparation of phage for selection was performed 
exactly as described by Schier et at. (1996b). Phage 
particles were purified and concentrated by two PEG 
precipitations (Sambrook et at., 1990), resuspended in 
5 ml phosphate buffered saline (25 mM NaHzPOi, 
125 mM NaCl, pH 7.0; PBS) and filtered through a 
0.45 jam filter. All libraries were selected using biotiny- 
lated c-erbB-2 ECD and streptavidin-coated paramag- 
netic beads M280 (Dynal) as described by Schier et at. 
(1996b). For selection of the C6VLCDR3 library, c-erbB-2 
ECD concentrations of 4.Qxl0- 8 M, 1.0xlO' 9 M, 
1.0xl0- lo M, and 1.0x10-" M were used for selection 
rounds 1, 2, 3, and 4, respectively. The mixture of phage 
and antigen was gently rotated for one hour at room 
temperature and phage bound to biotinylated antigen 
captured using 100 ul (round 1) or 50 ul (rounds 2, 3, and 
4) of streptavidin-coated M280 magnetic beads. After 
capture of phage, Dynabeads were washed a total of ten 
times (three times in PBS containing 0.05% Tween 20 
(TPBS), twice in TPBS containing 2% skimmed milk 
powder (2% MTPBS), twice in PBS, once in 2% MPBS, 
and twice in PBS) using a Dynal magnetic particle 
concentrator. The Dynabeads were resuspended in 1 ml 
PBS, and 300 ul were used to infect 10 ml log phase E. coii 
TGI which were plated on TYE-AMP-GIc plates. For 
selection of the C6VHCDR3 libraries, c-erbB-2 ."ECD 
concentrations of 5.0 x 10' 9 M, 5.0 x 10-" M, 5.0 x 10" 12 M, 
and 5.0 x 10" 13 M were used for selection rounds 1, 2, 3, 
and 4, respectively and the phage captured by incubating 
with 50 ul of Dynabeads for five minutes. The washing 
protocol was altered to select for scFv with the lowest k off 
(Hawkins et at., 1992). Dynabeads with bound phage 
were initially subjected to five rapid washes (4 x TPBS, 
1 x MPBS) followed by six 30 minute incubations in one 
of three washing buffer (2 x TPBS, 2 x MPBS, 2xPBS) 
containing 1.0xl(T 7 M c-erbB-2 ECD. Bound phage 
were eluted from the Dynabeads by sequential incu- 
bation with 100 pi of 4 M MgCh for 15 minutes followed 
by 100 ul of 100 mM HC1 for five minutes. Eluates were 
combined and neutralized with 1.5 ml of 1 M Tris HCI 
(pH 7.5) and one third of the eluate used to infect log 
phase E. coii TGI. 
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Initial scFv characterization 

Initial analysis of selected scFv clones for binding to 
c-erbB-2 ECD was determined by phage EL ISA. To 
prepare phage for ELISA, single ampicillin-resistant 
colonies were transferred into microtiter plate wells 
containing 100 ul 2 xTY-AMP, 0A% glucose and grown 
for three hours at 37 C C to an A«v of approximately 0.5. 
VCSM13 helper phage (2.5 x 10 s phage) were added to 
each well and the cells incubated for one hour at 37°C 
Kanamycin was then added to each well to a final 
concentration of 25ug/mJ and the bacteria grown 
overnight at 37°C. Supernatants containing phage were 
used for ELISA. For ELISA, Immunolon 4 plates 
(Dynatech) were incubated overnight at 4°C with 
ImmunoPure avidin (lOug/ml in PBS; Pierce). After 
washing three times with PBS to remove unbound 
avidin, wells were incubated with biotinylated c-erbB-2 
ECD as described by Schier et al (1995). Binding of scFv 
phage to c-erbB-2 ECD was detected with peroxidase- 
conjugated anti-M13 antibody (Pharmacia) and ABTS 
(Sigma) as substrate. Selected binders were further 
characterized by DN A sequencing of the V H and V t . genes 
(Sanger et <?/., 1977). 

Ranking of scFv by Km was performed using SPR in a 
BIAcore as described by Schier et at. (1996b). Briefly, 
10 ml cultures of 24 ELISA positive clones from the third 
and fourth round of selection were grown to an Ami of 
approximately 0.8, scFv expression induced (De Bellis & 
Schwartz, 1990) and the culture grown overnight at 25°C. 
scFv were harvested from the periplasm (Breitling et a!., 
1991), and the periplasmic fraction dialyzed for 48 hours 
against Hepes buffered saline (10 mM Hepes, 150 mM 
NaCl, pH 7.4; HBS). In a BIAcore flow cell, approximately 
1400 resonance units (RU) of c-erbB-2 ECD were coupled 
to a CMS sensor chip (Schier et al, 1996b) using 
NHS-EDC chemistry (Johnsson et al, 1991). Association 
and dissociation of undiluted scFv in the periplasmic 
fraction were measured under a constant flow of 
5 ul/ minute and HBS as running buffer. An apparent k^t 
was determined from the dissociation part of the 
sensorgram for each scFv analyzed (Karlsson et at., 1991). 
The flow cell was regenerated between samples using 
sequential injections of 4M MgCl 2 and 100 mM 
triethylamine without significant change in the sensor- 
gram baseline after analysis of more than 100 samples. 



Subcloning, expression and purification of scFv 

To facilitate purification of scFv selected from the 
C6VLCDR3 library, the scFv genes were subcloned 
(Schier et at., 1995) into the expression vector pUC 119 
Sfi-NotmycHis, which results in the addition of a 
hexa-histidine tag at the C-terminal end of the scFv. The 
scFv selected from the C6VHCDR3 library already have 
a C-terminal hexa-histidine tag and therefore could be 
purified without subcloning. Cultures (500 ml) of E. coli 
TGI harboring one of the C6.5 mutant phagemids were 
grown, expression of scFv induced (De Bellis & Schwartz, 
1990), and the culture grown at 25°C overnight. scFv 
were harvested from the periplasm (Breitling et at., 1991), 
dialyzed overnight at 4°C against eight liters of IMAC 
loading buffer (50 mM sodium phosphate (pH 7.5), 
500 mM NaCl, 20 mM imidazole) and then filtered 
through a 0.2 um filter. 

scFv was purified by IMAC (Hochuli et al, 1988) 
exactly as described by Schier et al. (1995). To separate 
monomelic, dimeric and aggregated scFv, samples were 
concentrated to a volume <1 ml in a Centricon 10 



(Amicon) and fractionated on a Superdex 75 column 
using a running buffer of HBS. The purity of the final 
preparation was evaluated by assaying an aliquot by 
SDS-PAGE. Protein bands were detected by Coomassie 
staining. The concentration was determined spectropho- 
tometrically, assuming an Aw nm of 1.0 corresponds to 
an scFv concentration of 0.7 mg/ml. 



Measurement of affinity and binding kinetics 

The K d of scFv were determined using SPR in a BIAcore 
(Schier et al, 1996b). In a BIAcore flow cell, approxi- 
mately 1400 RU of c-erbB-2 ECD (90 kDa, McCartney 
et al., 1995) were coupled to a CM5 sensor chip (Johnsson 
et al., 1991). Association rates were measured under 
continuous flow of 5 ul/ minute using concentrations 
ranging from 5.0 xlO -8 to 8.0xlO~ 7 M. k on was deter- 
mined from a plot of (ln(dR/df))/r versus concentration 
(Karlsson et al., 1991). To verify that differences in kon 
were not due to differences in immunoreactivity, the 
relative concentrations of functional scFv were deter- 
mined using SPR in a BIAcore (Karlsson et aL, 1993; 
Schier et at., 1996b). Briefly, 4000 RU of c-erbB-2 ECD 
were coupled to a CMS sensor chip and the rate of 
binding of C6.5 (RU/s) determined under a constant flow 
of 30 ul/minute. Over the concentration range of 
l.OxlO^M to 1.0xl0" 7 M, the rate of binding was 
proportional to the log of the scFv concentration. Purified 
scFv were diluted to the same concentration (1.0 x 10"* M 
and 2.0xlO~*M) as determined by Amu The rate of 
binding to c-erbB-2 ECD was measured and used to 
calculate the concentration based on the standard curve 
constructed from C6.5. Dissociation rates were measured 
using a constant flow of 25 ul/minute and a scFv 
concentration of 1 .0 x 10~* M. k^ t was determined during 
the first two minutes of dissociation for scFv mutated in 
V L CDR3 (Karlsson et al, 1991) and during the first 15 to 
60 minutes for clones with Jr,* below SxlO^s' 1 (scFv 
mutated in V H CDR3 and combined scFv). To exclude 
rebinding, k*t was determined in the presence and 
absence of 5.0xlO~ 7 M c-erbB-2 ECD as described by 
Schier et al (1996b). 



Cell surface retention assay 

The cell surface retention of selected scFv was 
determined on live SK-OV-3 cells using a fluorescence 
activated cell sorter (FACS). Purified scFv were labeled 
with NHS-LC-Biotin (Pierce) using the manufacturer's 
instructions. The concentration of imrnunoreactive- 
biotinylated scFv was calculated using SPR as described 
above and by Schier et al (1996b). The efficiency of 
biotinylafion was also determined in a BIAcore using a 
flow cell to which 5000 RU of streptavidin was coupled. 
The total responses after association were compared 
between samples and concentrations of scFv were 
adjusted using the results obtained from the BIAcore. For 
the assay, aliquots of SK-OV-3 cells (1.2 x 10 7 c-erbB-2 
positive cells) were incubated with 14 ug biotinylated 
scFv in a total volume of 0.5 ml (1 uM scFv) FACS buffer 
(PBS containing 1% BSA and 0.1% NaN 3 ) for one hour at 
37°C Cells were washed twice with 10 ml FACS buffer 
(4°C) and resuspended in 12 ml FACS buffer and further 
incubated at 37°C Aliquots of cells (0.5 ml from 12 ml 
containing 5 x 10 5 cells) were taken after five minutes, 
every 15 minutes for the first hour and after two hours 
repeating the wash and resuspension cycle. Washed cell 
aliquots were fixed with 1% paraformaldehyde, washed 
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twice with FAC5 buffer, and incubated for 15 minutes at 
4°C with a 1:800 dilution of phycoerythrine-labeled 
streptavidin (Pierce). Fluorescence was measured by 
FACS and the percentage retained fluorescence on the 
cell surface plotted versus the time points. scFv used 
for the cell surface retention assav were C6.5 
(K d = 1-6 x 10-» M), C6ML3-9 (Kj = 1.0 x KT M), C6MH3- 
Bl (Xj= 1.2xlO" u, M), and the anti-digoxin scFv 26-10 
(Huston et aL, 1988) as negative control. 



Construction of scFv combining higher affinity V H 
and V L genes 

The Vi CDR3 gene sequences of the two highest 
affinity scFv isolated from the C6VLCDR3 library 
(C6ML3-9 or C6ML3-12) were combined with the highest 
affinity scFv previously obtained from light chain 
shuffling (C611, K d = 2.5 x 10-" M; Schier et al. t 1996b). 
The C6L1 plasmid (10 ng/ul) was used as a template for 
PCR amplification using primers LMB3 and either 
PML3-9 or PML3-12 (Table 1). The gel purified PCR 
fragments were reamplifled using primers LMB3 and 
HuJX 2-3ForNot (Marks et aL, 1991) to introduce a Noil 
restriction site at the 3-end.of the scFv. The gel purified 
PCR fragments were digested with Ncol and Notl and 
ligated into pUC119 Sfi-NotmycHis digested with Ncol 
and Notl. The resulting scFv were designated C6-9L1 and 
C6-12L1. The V,. genes of C6-9L1 and C6-12L1 were 
combined with the V H genes of the two highest affinity 
scFv from the C6VHCDR3 libraries (C6MH3-B1 and 
C6MH3-B47). The rearranged V H genes of C6MH3-B1 
and -B47 were amplified by PCR using the primer LMB3 
and PC6VH1FOR (Schier et aL, 1996b), digested with 
Ncol and X/ioI (located in FR4 of the heavy chain) and 
ligated into C6-9L1 or C6-12L1 digested with Ncol and 
Xhol to create C6-B1L1 and C6-B47L1. The heavy chain 
of C6MH3-B1 or C6MH3-B47 was amplified by PCR 
using LMB3 and one of the PCD primers (PCD1, PCD2, 
PCD3, PCD5, or PCD6; Table 1) to construct combi- 
nations of scFv from the C6VHCDR3B and D libraries. 
The purified PCR fragments were spliced with the V L 
fragment of C6ML3-9 (VHD2) that was used to create the 
C6VHCDR3D library exactly as described above. The full 
length scFv gene was digested with Ncol and Notl and 
ligated into pUC119 Sfi-NotmycHis. Clones were termed 
C6-B1D1, -B1D2, -B1D3, -BIDS, -B1D6, -B47D1, -B47D2, 
-B47D3, -B47D5, and -B47D6. Colonies were screened for 
the presence of the correct insert by PCR fingerprinting 
and confirmed by DNA sequencing. scFv were ex- 
pressed, purified, and affinities determined by SPR, as 
described above. 



High resolution functional scan of C6.5 V H CDR3 

A high resolution functional scan of the C6.5 V H CDR3 
was performed by individually mutating residues 95 to 
99, 100a to lOOd, and lOOg to 102 to alanine. The pair of 
cysteine residues (100 and lOOe) were simultaneously 
mutated to serine. Residue lOOf (alanine) was not 
studied. Mutations were introduced by oligonucleotide 
directed mutagenesis using the method of Kunkel et al. 
(1987). Insertion of the correct mutation was verified by 
DNA sequencing, and scFv was expressed (De Bellis & 
Schwartz, 1990; Breitling et aL, 1991) and purified by 
1MAC (Hochuli et at., 1988). Affinities were determined 
by SPR as described above (Schier et at., 1996b) and 
compared to C6.5 scFv. 



Modeling of location of mutations 

The location of mutations in mutated scFv was 
modeled oir the structure of the Fab KOL (Marquart et aL, 
1980) using the program MidasPIus (Ferrin et aL, 1988) on 
a Silicon Graphics workstation. 
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